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ABSTRACT 
 
There is much interest in the development of technologies which can enhance the performance of 
dye-sensitized solar cells (DSCs), due to their promising efficiencies relative to the low cost of 
materials and manufacturing. Achieving high efficiency DSCs involves optimization of the 
absorption of light and transport of carriers in the active layers, which requires a precisely 
controlled nanostructure of the mesoporous titanium dioxide (TiO2) electrode. This work 
concentrates on the investigation of flow-limited field-injection electrostatic spraying (FFESS) 
and its application in the advancement of dye-sensitized solar cell research. This includes a 
fundamental investigation of FFESS for patterning of DSC materials, and the generation and 
control of TiO2 nanostructures and composite electrodes using this process, which prove 
effective in improving DSC performance. In addition, a surface treatment of the DSC electrodes 
is performed to investigate the relationships between the performance and the morphology and 
surface chemistry of the TiO2, and their impact on fundamental transport phenomena. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Dissertation Overview  
In recent years, the demand for renewable energy resources has been fueled by an increased 
global awareness concerning the limited and depleting availability of fossil fuels, as well as the 
substantial increase in atmospheric CO2 levels as a result of carbon-based energy. The current 
world energy consumption is about 18 terawatts (TW), and is projected to increase by 10 TW 
within 30 years of time [1]. Sunlight is the most abundant renewable energy resource on earth, 
supplying a power of 120,000 TW, and photovoltaic cells permit direct conversion of the 
sunlight to electricity. Our present energy needs could be met by covering roughly 0.1-0.2% of 
the Earth’s surface with photovoltaic installations operating at a conversion efficiency of 10%. 
However, photovoltaics must be cost-effective to compete with cheaper power sources. 
In a pioneering work, B. O’Regan and M. Grätzel in 1991 demonstrated the possibility to 
use a high surface area mesoporous network of titanium dioxide (TiO2) nanoparticles sensitized 
by dye molecules and immersed in an aqueous electrolyte to harvest the sunlight and generate 
electricity, achieving a breakthrough conversion efficiency of 7.9% [2]. A key advantage of these 
dye-sensitized solar cells (DSCs) is their construction using low-cost materials and 
manufacturing by solution-based patterning processes. The main focus of this dissertation is the 
investigation of the merits of flow-limited field-injection electrostatic spraying (FFESS) for the 
advancement of dye-sensitized solar cells. The principal objectives of this research are to: (1) 
establish an in-depth understanding of FFESS as a technique for direct-write patterning of fluids 
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which can generate DSC electrodes by analyzing the relationships among the fluid properties, 
observed stability, and current-voltage-flow rate (I–V–Q) relationships; (2) pursue application of 
FFESS for the generation and control of TiO2 nanostructures which are effective in improving 
DSC performance; (3) investigate the effect of the DSC electrode nanostructure on the device 
performance through a systematic surface treatment of the TiO2 nanoparticle network. 
 The dissertation is organized as follows. The remaining sections of Chapter 1 introduce 
the structure, working principles and limitations of dye-sensitized solar cells, and the merits of an 
electrohydrodynamic (EHD) patterning process for generating DSC components. This is 
followed by a discussion of the application of TiO2 nanofibers, generated by EHD spraying, in 
DSCs to improve the performance, and finally a description of the current understanding of the 
effect of a sol-gel surface treatment of the DSC electrode using titanium precursors. 
 Chapter 2 is devoted to the fundamental study of FFESS for direct-write patterning of a 
high-viscosity TiO2 nanoparticle paste used to generate DSC electrodes. The stability of the 
patterning is observed and analyzed with the I–V–Q relationships. The resolution limits are 
examined, and applications of the FFESS-based patterning using other high-viscosity pastes are 
presented. 
 Chapter 3 discusses an extension of the FFESS process for the electrospinning of TiO2 
nanofibers and, with the use of EHD patterning, the generation of TiO2 composite nanoparticle-
nanofiber (NP-NF) networks. The morphology of the nanofibers and composites is examined 
with varying processing parameters, and the resulting changes in the optical properties are 
quantified in relation to the nanostructure. The performances of DSCs incorporating NP-NF 
electrodes are analyzed and related to the light-scattering characteristics. 
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 Chapter 4 introduces a surface treatment of the nanoporous TiO2 electrode using a 
stabilized sol-gel titanium precursor based on titanium(IV) isopropoxide (TiP). A systematic 
study of the effect on the morphology and surface chemistry is presented, and the optical 
properties of the treated networks are examined. The systematic change in DSC performance 
with precursor concentration is examined and related to the morphology and fundamental 
transport phenomena. 
 Chapter 5, the final chapter, is reserved for the concluding remarks and suggestions for 
future work. 
 
1.2 Dye-Sensitized Solar Cells 
Since the early 1990s, dye-sensitized solar cells (DSCs) have emerged as a competitive 
technology to conventional solid-state photovoltaics due to their high efficiencies, which have 
currently reached 12.3% for small cells [3], while relying on low-cost materials and 
manufacturing processes [2, 4-8]. At present, submodules have achieved efficiencies close to 
10% [9]. Besides the low cost of materials and processing, DSCs offer several benefits over 
conventional photovoltaics. Their performance is relatively better when compared under diffuse 
light conditions, due to the rough surface which is less sensitive to orientation of the incident 
light, and they exhibit less performance degradation at elevated temperatures. For the same 
reason, they can perform better in real outdoor conditions as well as indoors. In addition, DSCs 
can have short energy payback times of less than one year. Finally, the transparency and ability 
to tailor the absorption with different dyes adds aesthetic flexibility for applications such as 
building-integrated photovoltaics and consumer electronics. 
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 The aim of the following section is not to give an exhaustive description of DSC 
operation, but rather to provide a sufficient overview of the background and working principles 
which are most relevant to this dissertation. The current standard for the terrestrial reference 
solar spectrum (ASTM G173-03) at an irradiance of 1 sun (1000 W/m2) is shown in Figure 1.1a 
for air mass 1.5 global (AM 1.5G) [10]. The corresponding incident photon flux, Φ(λ), shown in 
Figure 1.1b, is obtained from 
 
hc
SR
E
SR λλλλ
λ
)()()( ==Φ  (1.1) 
where SR(λ) is the spectral irradiance, Eλ the photon energy, h the Planck’s constant and λ the 
wavelength. Any photons having energies greater than the band gap of a solar cell, or 
alternatively wavelengths less than that of the absorption onset, can be absorbed to generate a 
single electron-hole pair (neglecting multiple carrier generation). Any excess energy of higher 
energy photons is lost as heat. Therefore the maximum total photocurrent density, Jsc,max, which 
can be attained for a solar cell is 
 ∫ Φ=
a
0maxsc, )(
λ λλ deJ  (1.2) 
where λa is the wavelength of the absorption onset and e is the elementary charge. The total 
photocurrent density is shown in Figure 1.1b. The overall power conversion efficiency, η, is 
given by 
 
in
ocsc
P
FFVJ
=η  (1.3) 
 where Jsc is the measured short-circuit photocurrent density, Voc the open-circuit voltage, FF the 
fill factor and Pin the input power density. The fill factor is the ratio of the maximum power 
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output of the solar cell, Pmax, to the short-circuit photocurrent and open-circuit voltage according 
to  
 
ocsc
max
VJ
PFF =  (1.4) 
and the maximum power is given by ( )
maxmax )( VVJP ⋅= . The conversion efficiency of photons 
to electrons in a solar cell can also be described as a function of wavelength, known as the 
incident photon-to-electron conversion efficiency (IPCE). The IPCE is given by 
 )(
)(IPCE sc λ
λ
Φ
=
e
J
 (1.5) 
Rearranging Equation 1.5 shows that integration of the IPCE convolved with the solar spectrum, 
when expressed in terms of the current density, eΦ(λ), retrieves the short-circuit photocurrent. 
The integration of the IPCE over all wavelengths gives the ratio of Jsc/Jsc,max. Equations 1.1-1.5 
represent some of the key parameters of interest in characterizing the efficiency of solar cells. 
The IPCE is the product of the efficiencies of multiple processes in a solar cell. For a 
conventional silicon solar cell, this includes the light harvesting efficiency, which is the ratio of 
absorbed light to incident light on a solar cell, where the remaining light is lost by reflection or 
transmission, and the charge collection efficiency, which is the ratio of carriers extracted to those 
generated by absorption, where the remaining carries are lost through recombination. In dye-
sensitized solar cells, this charge collection efficiency can be divided into multiple additional 
efficiencies describing the interfacial kinetics of charge injection, relaxation and recombination 
processes occurring within the device. 
Figure 1.2a shows a schematic of a conventional dye-sensitized solar cell. The front 
electrode consists of a high surface area mesoporous network composed of interconnected 
titanium dioxide nanoparticles, which serves as a transparent scaffold for a layer of dye 
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molecules. The network is deposited on a glass substrate coated with a transparent conducting 
oxide, typically fluorine-doped tin oxide (FTO), which is also coated with a TiO2 thin film. The 
counter electrode is a second FTO-coated glass which has islands of catalytic platinum 
nanoparticles on the surface. The space between the front and counter electrode is filled with an 
electrolyte containing a redox mediator, typically a solution of iodine and iodide in a low 
viscosity solvent. Figure 1.2b shows SEM images of the complete DSC and the dimensions and 
structure of the different components. The mesoporous TiO2 network is typically around 10 µm 
thick and composed of 10-30 nm nanoparticles, with a network porosity of 50-60%. For each 18 
nm TiO2 nanoparticle, there are ~600 dye molecules adsorbed onto the surface [11]. 
An energy level diagram for the DSC is presented in Figure 1.3a [4]. When the structure 
is exposed to light, photons are absorbed by the dye, S, which become excited, S*, as an electron 
is transferred from an energetic state at or below the highest occupied molecular orbital (HOMO) 
to a state at or above the lowest unoccupied molecular orbital (LUMO). The corresponding 
photoexcitation reaction is  
 *SS →+ hv  (1.6) 
where hv is the energy of the photon. The excited dye molecule can either relax back to its 
ground state through emission of a photon, i.e. the reverse reaction of Equation 1.6, or the 
electron can be injected into the TiO2 conduction band, leaving the dye molecule in an oxidized 
state, S+. The electron injection reaction can be written as 
 
−+ +→
2TiOeSS  (1.7) 
where −
2TiOe  is the electron in the TiO2 conduction band, where it can be transported to the front contact. 
The oxidized dye molecule is reduced by iodide, I-, the donor in the electrolyte, to form triiodide, −3I , 
through the reaction 
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−−+ +→+ 3I2S3I2S  (1.8) 
Finally, the triiodide diffuses to the catalytic counter electrode where it is reduced through the 
reaction 
 
--
3 I32eI →+
−
 (1.9) 
However, in addition to the dye relaxation, carriers can be lost through recombination of an 
electron in the TiO2 conduction band with either the oxidized dye molecule or the triiodide, 
through the reactions given in Equations 1.10 and 1.11, respectively.  
 SSe-TiO2 →+
+
 (1.10) 
 
−− →+ 3II2e 3
-
TiO2  (1.11) 
The maximum voltage in the DSC corresponds to the difference between the redox potential of 
the −3
- /II  and the quasi-Fermi level in the TiO2. Under working conditions at 1 sun the time 
constants for electron injection, Equation 1.7, and reduction of the oxidized dye, Equation 1.8, 
are much faster than their competing recombination processes [8], as shown in Figure 1.3b [6]. 
The ultrafast electron injection from common ruthenium complex dyes into the TiO2 is attributed 
in part to the well-aligned TiO2 conduction band level with the dye LUMO level, allowing a high 
density of states for electron injection. Although other metal oxides have been explored, 
including tin(II) oxide (SnO2), zinc oxide (ZnO), and niobium(V) oxide (Nb2O5), the 
performance has not exceeded that of TiO2 owing to reasons which include the conduction band 
energy level being too high and the poor compatibility with the corrosive electrolyte [12, 13]. 
Several crystal structures of TiO2 also exist. The most common forms are anatase (tetragonal), 
rutile (tetragonal) and brookite (orthorhombic) phase, where rutile is the most 
thermodynamically stable form. The higher band gap (3.2 eV) of anatase phase is preferred to 
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rutile phase (3.0 eV) since less light is absorbed by the TiO2, and the higher conduction band 
edge by ~0.2 eV can give rise to a greater open-circuit voltage [14]. Comparisons of anatase- and 
rutile-based DSCs showed that the photocurrent was 30% greater for anatase TiO2 due to the 
higher total surface area and dye loading of the smaller spherical anatase nanoparticles compared 
to the larger rod-like rutile nanoparticles. In addition, the rod-like rutile particles had poorer 
connectivity leading to slower electron transport times [15]. Few studies have explored the 
performance of brookite-based DSCs so its comparison to anatase phase has not been established 
[16, 17]. 
 Electron transport through the TiO2 nanoparticle network and to the front contact prior to 
recombination is one of the key limitations in DSC performance. The transport occurs by 
diffusion, because the nanoparticles are too small to support a space charge and the electrons are 
screened by cations in the electrolyte, which have an ion density of ~1020 cm-3 causing a Debye 
length of ~1.5 nm [18-22]. The screening by cations also reduces the energy of a Coulomb 
blockade, which could otherwise inhibit the transport of electrons among particles, to values well 
below thermal energies [23]. The diffusion coefficient of electrons is orders of magnitude 
smaller than in single crystalline anatase
 
TiO2 and is dependent on the light intensity, which is 
explained using a multiple trapping model, in which electrons are localized within an exponential 
distribution of trap states lying below the conduction band edge until they are thermally activated 
into the conduction band [24-28]. The energy distribution of the trap states, g(Et), follows the 
form of 
 




 −
=
0B
tc
0B
0,t
t exp)( Tk
EE
Tk
N
Eg  (1.12) 
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where Nt is the total trap density (typically 1019-1020 cm-3), Et the trap state energy level, Ec the 
conduction band energy level, kB the Boltzmann’s constant and T0 a characteristic temperature 
that defines the width of the exponential distribution [29]. Schematics of the transport process 
and energy levels are shown in Figure 1.4 [6]. Under working conditions, around 90% of the 
electrons are localized within these trap states [11]. The exact nature of the trap states is still not 
fully understood, but they are believed to be located on the surface of the TiO2 [30, 31]. As these 
trap states are filled, the quasi-Fermi level in the TiO2, EF,n, is raised. At short-circuit conditions, 
EF,n is roughly constant throughout the TiO2 nanoparticle network except within ~1 µm of the 
front electrode, and the corresponding gradient in electron concentration is the driving force for 
transport of electrons to the front contact resulting in the short-circuit photocurrent. The transport 
time, τt, has been measured to have a power law dependence on electron concentration in the 
TiO2 conduction band following τt ∝ 1/nα, where α is the range of ~1-3 [32]. 
 The main process competing with the slow electron transport to the front contact is 
recombination with −3I  in the electrolyte. Studies have found that the recombination lifetime of 
electrons, τe, is correlated with the transport time [27, 33, 34]. The rate limiting step in the 
recombination of electrons with −3I  was proposed to be the reduction of the intermediate species 
molecular iodine, I2, given by 
 
-
22
- IIe •→+  (1.13) 
forming the radical anion −•2I [34]. It is estimated that approximately one molecular iodine is 
adsorbed onto the TiO2 for every ~104 nanoparticles [32]. Therefore, the recombination rate is 
determined by the probability per unit time that electrons will encounter a relatively infrequent 
and immobile I2 recombination site, which increases with faster diffusion of electrons. The 
resulting recombination lifetime was found to be proportional to the transport time, i.e. τe ∝ τt 
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[34]. The consequence of this is that the charge collection efficiency, and therefore the IPCE, is 
constant over a wide range in electron density in the TiO2 [25, 35], which results in a linear 
increase in photocurrent with light intensity. There are many techniques available for measuring 
the transport time and recombination lifetime in DSCs [6]. The technique used in this 
dissertation is square-wave light modulation, where a low-intensity chopped light is modulated 
on top of a bias intensity, and the transient current is fitted with an exponential rise or decay 
function to extract a photocurrent response time, τpc [36, 37]. The photocurrent response time 
depends on both the transport time and electron lifetime according to [38] 
 
etpc
111
τττ
+=  (1.14) 
The charge collection efficiency, Φcol, can also be related to these time constants following 
 
ete
pc
col 1
11
τττ
τ
+
=−=Φ  (1.15) 
 A second limitation in the performance of DSCs is the low absorption coefficient of the 
sensitizers in the longer wavelength range. Figure 1.5 shows the IPCE spectra for two of the 
common sensitizers, termed the N3 and black dye (N749) [7]. The black dye, which is used in 
the current record-efficiency DSC with the −3
- /II  electrolyte at 11.4% [39], still exhibits a 
gradual absorption onset from 900-750 nm, resulting in a significant loss in photocurrent in this 
range in Figure 1.1b. Although increasing the thickness of the TiO2 nanoparticle network will 
increase the absorption, the loss in charge collection efficiency due to increased recombination 
would result in an overall loss in efficiency. Therefore, optimizing the design of the photoanode 
in DSCs involves maximizing both light harvesting and the transport of electrons and ions in the 
electrolyte to the contacts prior to their recombination. In the following sections, technologies 
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will be introduced which can improve the DSC performance by affecting these properties 
through the control of the TiO2 electrode nanostructure. 
 
1.3 Flow-Limited Field-Injection Electrostatic Spraying 
A challenge in the scale-up of DSCs to modules is the significant increase in series resistance 
resulting from charge transport across the FTO which leads to severe losses in efficiency [40, 
41], even for small area (0.40 cm2) cells [42]. Modules require the addition of metal current-
collection grids or separation into individual series-interconnected cells [43], which reduces the 
aperture ratio, the ratio of active area to the size of the device. The aperture ratio of the most 
efficient modules is limited to ~85% [44, 45]. Therefore it is important to develop low-cost 
patterning technologies with high resolution which can yield the highest possible active areas.  
Common solution-based patterning techniques and their resolutions are as summarized in 
Table 1.1 [46]. The most widespread patterning method utilized in the fabrication of DSCs is 
screen printing [40, 47-49]. To generate nanoporous TiO2 electrodes having thicknesses in the 
range of 10-25 µm, a paste is used which contains a homogeneous mixture of three main 
components; TiO2 nanoparticles, a polymer, and a solvent. The conventional paste formulation 
consists of 20 wt% (6 vol%) anatase TiO2 nanoparticles, 10 wt% (10 vol%) ethyl cellulose 
polymer, and 70 wt% (84 vol%) α-terpineol solvent [50]. The paste after deposition is heated to 
500 °C, during which the α-terpineol evaporates, leaving a composite of ethyl cellulose and 
TiO2, and the ethyl cellulose subsequently burns out of the structure, resulting in a nanoporous 
network of TiO2 nanoparticles having ~50-60% porosity. The typical viscosities of the paste are 
~10-100 Pa·s. Pastes used to generate other components in the DSC, including the platinum 
catalyst and metal grids, have similar properties. Going back to Table 1.1, although alternative 
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techniques are capable of higher resolution than screen printing, they are unable to use the 
conventional high viscosity pastes. 
The use of electrohydrodynamic (EHD) patterning has gained recent attention after 
demonstrating the ability to generate nanoscale jets of fluid and patterns [51-54]. The advantage 
of EHD patterning is that the jet diameter can be around an order of magnitude thinner than the 
nozzle diameter [55, 56], potentially allowing the use of high viscosity pastes that the ink-jet 
technique cannot utilize. EHD patterning is an application of electrohydrodynamic spraying, or 
electrospraying, which has been extensively investigated owing to the ability to generate micro- 
and nanoscale droplets of fluids [57-67]. The electrospraying process initiates with the 
application of a high voltage to a fluid meniscus. When the fluid becomes charged beyond a 
certain critical level, at which the electrical force exceeds the surface tension force, it becomes 
unstable and reforms into a conical shape called a Taylor cone [68]. A fine jet of fluid, with a 
diameter which can range from a few ~µm down to ~10 nm, is propelled from the apex of the 
cone which eventually breaks up into a spray of charged droplets [57, 67]. Generation of 
electrosprays with low-conductivity liquids was not possible until K. Kim and R. J. Turnbull 
developed flow-limited field-injection electrostatic spraying (FFESS), where a sharpened needle 
electrode injects charge into the fluid [66]. Because of this efficient charge injection, FFESS was 
shown to generate stable single- and multi-jet sprays with controllable jet numbers, and the 
multi-jet mode was predictable by monitoring the spray current with flow rate and voltage [67, 
69-71]. FFESS has also been used to generate patterned nanoscale structures [67]. However, it 
was not previously investigated for EHD direct-write patterning, and to our knowledge no EHD 
patterning technique has explored the printing of high-viscosity pastes [67]. As such, the 
relationships among the fluid properties, observed stability, and current-voltage-flow rate (I–V–
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Q) relationships for EHD patterning using single-jet FFESS are investigated in Chapter 2 for a 
TiO2 nanoparticle paste used to generate the DSC electrode. 
 
1.4 TiO2 Nanoparticle-Nanofiber Electrodes 
To maximize the efficiency of DSCs, which rely on high surface area but transparent TiO2 
nanoparticle networks, it is well known that light scattering structures of sub-micron dimensions 
should be introduced to the improve light harvesting efficiency [72]. This is caused by strong 
Mie scattering when light interacts with particles having sub-micron dimensions, which leads to 
an increase the optical path length and a greater probability of absorbing photons. For an isolated 
particle, the scattering is stronger in the forward direction and is very sensitive to both the size of 
the particle [73, 74] and the refractive index [75]. Large improvements in DSC efficiency were 
reported using a bilayer of sub-micron TiO2 particles at the back of the nanoparticle network 
[75]. Alternatively, sub-micron voids mixed within the nanoparticle network can also effectively 
scatter light [76]. Optimization of the light scattering multilayers showed that these mixed 
structures, combined with the standard bilayer structure, as illustrated in Figure 1.6, yield the 
highest light harvesting efficiencies [77]. 
As FFESS has demonstrated the additional capability to control of the nanostructure of 
deposited materials [67, 78, 79], it can be used for electrospinning, which is a simple, versatile, 
and cost-effective technique for generating networks of one-dimensional sub-micron nanofibers 
of oxide materials, including TiO2, which are oriented laterally to the substrate surface [80]. 
Nanofibers have sufficient dimensions to serve as efficient light scattering structures in DSCs, 
but their low surface-area-to-volume ratios relative to nanoparticle networks limit the quantity of 
adsorbed dye. TiO2 nanofibers were utilized in DSCs for optical scattering bilayers [81], as 
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stand-alone photoelectrodes [82-86], and to generate nanocrystalline electrodes through 
mechanical crushing [87-89]. Incorporation of nanofiber networks within a nanoparticle network 
to form a composite electrode combines the high surface area for light absorption of the 
nanoparticle network, while utilizing the light-scattering properties of the nanofibers to improve 
light harvesting, but such composites have only recently been investigated [90]. In addition, in 
all prior studies in which nanofibers were utilized in DSCs, the nanofibers networks were broken 
either by mechanical crushing or intrinsically through calcinations-induced stresses, eliminating 
the long-range order necessary to utilize the 1-dimensional nature of the fibers for potentially 
enhancing electron transport, if the proper orientation of the fibers with the substrate can be 
achieved. As such, FFESS is applied for both electrospinning and EHD patterning in Chapter 3 
to generate TiO2 nanoparticle-nanofiber (NP-NF) composite networks, and to study the 
morphology, optical properties, and performance of DSCs incorporating NP-NF electrodes. 
 
1.5 Surface Treatment of the TiO2 Electrodes 
For the DSC electrodes, it is well established that treatment of the TiO2 nanoparticle networks 
with titanium(IV) chloride (TiCl4) can significantly improve DSC photocurrent and overall 
efficiency [91, 92]. The improvement has been attributed to numerous primary sources, 
including increasing surface area/dye loading [93-97], strengthening the dye bonding [98-100], 
depositing higher purity TiO2 [92, 98], improving electron transport [91, 96, 97, 101-103], 
reducing the recombination rate [103, 104], and enhancing the electron injection rate [99, 100, 
105, 106]. Studies examining many of the suspected mechanisms concluded that the primary 
causes for the enhancement are a reduced recombination rate and enhanced injection rate of 
electrons into the TiO2 nanoparticle network [107, 108], which was attributed to an ~80 meV 
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downward shift in the TiO2 conduction band edge, as illustrated in Figure 1.7. A follow-up study 
showed that the dominant benefit of the treatment is a reduction in the recombination rate 
leading to a greater electron diffusion length, with minimal change in the electron injection 
efficiency [109]. The source of the reported downward shift in the TiO2 conduction band edge 
and reduced recombination rate remains to be elucidated, but it was proposed to be related to a 
change in the surface chemistry of the TiO2 after treatment [107]. The prevailing lack of a 
consensus regarding the nature of the enhancement in DSC performance is due in part to the 
absence of a stable treatment formulation which can generate controllable improvements. For the 
same reason, a systematic study of the effect of the treatment concentration on the relevant 
morphological and chemical properties of the electrodes has not been performed, and is 
important to gain insight into the mechanism for the enhancement in DSC performance and to 
optimize the efficiency. 
 The treatment of TiO2 nanoparticle networks is commonly accomplished using chemical 
bath deposition by preparing a stock solution of aqueous TiCl4 at 0 °C, followed by dilution to 
the desired concentration and hydrolysis at elevated temperature [92]. Careful low temperature 
preparation is necessary due to the highly exothermic reaction under ambient conditions, which 
can limit both the reproducibility of the treatment and the practicality for industrial application. 
Few studies have explored the use of alternative, more stable titanium precursors such as 
titanium(IV) isopropoxide (TiP) and titanium(IV) acetylacetonate [98, 100, 104, 105]. However, 
comparable DSC efficiencies to those resulting from TiCl4 treatment have been attained by 
treatment using TiP [98, 104]. Chapter 4 introduces a surface treatment of the nanoporous TiO2 
electrode using a stabilized sol-gel titanium precursor based on titanium(IV) isopropoxide (TiP) 
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and examines the resulting morphology, surface chemistry, optical properties and the DSC 
performance in relation to transport phenomena. 
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1.6 Figures and Tables 
 
 
  
 
 
Figure 1.1. (a) Spectral irradiance for the AM 1.5G solar spectrum (ASTM G173-03) at 1 sun 
(1000 W/m2) [10]. (b) Photon flux and corresponding maximum total photocurrent for the AM 
1.5G solar spectrum. 
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Figure 1.2. (a) Schematic of a dye-sensitized solar cell. The front electrode consists of dye 
molecules adsorbed onto a mesoporous TiO2 nanoparticle (NP) network which is on FTO-coated 
glass. The counter electrode consists of catalytic platinum nanoparticles on the surface of FTO-
coated glass. An electrolyte which contains an iodide/triiodide redox mediator, −3
- /II , penetrates 
the structure. (b) SEM images of the complete DSC and its component structures. The 
mesoporous network is around 10 µm thick and is composed of 10-30 nm TiO2 nanoparticles. 
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(a)  
(b)  
 
Figure 1.3. (a) Energy level diagram for a dye-sensitized solar cell. Photo-excited dye molecules 
inject electrons into the conduction band of the mesoporous TiO2 network (anode). The oxidized 
dye is reduced by iodide, I-, which becomes triiodide, −3I .
 The −3I  diffuses to the catalytic counter 
electrode (cathode) where it is reduced to I- by electrons which circulate from the anode to the 
cathode. The potentials are shown with respect to the normal hydrogen electrode (NHE) [4]. (b) 
Overview of processes and typical time constants under working conditions (1 sun) in a dye-
sensitized solar cell with the iodide/triiodide electrolyte. Recombination processes are indicated 
by red arrows [6]. 
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 (a)  
(b)  
 
Figure 1.4. (a) Schematic of the slow electron transport process in the DSC, showing the traps at 
the TiO2/electrolyte interface, in the bulk of the TiO2 particles, and at grain boundaries. There are 
also electrostatic interactions between electrons and cations in the electrolyte which may slow 
transport. (b) Schematic energy level diagram of the mesoporous TiO2 electrode at short-circuit 
condition where there is an exponential distribution of trap states located below the conduction 
band edge, where the transport is described by a multiple trapping model. Electrons are 
transported after thermal activation into the conduction band. The quasi-Fermi level in the TiO2 
is relatively constant except close to the FTO contact [6].  
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Figure 1.5. Incident photon-to-electron conversion efficiency as a function of the wavelength for 
the standard ruthenium sensitizers N3 (red line), the black dye N749 (black curve), and the blank 
nanocrystalline TiO2 film (blue curve). The chemical structure of the sensitizers are shown as 
insets [7]. 
 
 
 
Table 1.1. Characteristics Properties of Solution-Based Patterning Methods [46]. 
 
Printing 
method 
Resolution 
(µm) 
Layer thickness 
(µm) 
Ink Viscosity 
(Pa·s) 
Maximum 
Throughput (m2/h) 
Inkjet >50 0.1–20 0.001–0.04 >50 
Screen  >100 1–15 0.5–50 >100 
Flexo >50 0.5–2.5 0.05–0.5 >50,000 
Gravure >30 0.5–8 0.05–0.2 >100,000 
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Figure 1.6. Schematic cross-sections of various layered electrode structures explored for 
optimizing light harvesting, where N represents the nanoparticle layer, M and M’ are mixed 
nanoparticle-microparticle layers, and S is a microparticle layer. The NM’MS multilayer 
structure resulted in the highest DSC efficiency [77]. 
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(a)  
(b)  
 
Figure 1.7. (a) Trap density of states at Voc for cells with and without a conventional TiCl4 
treatment, shown for two different electrolytes, Li and Gu, which correspond to lithium and 
guanadinium cations, respectively. (b) Recombination rate with and without TiCl4 treatment. A 
reduction in the recombination rate suggests that trap states are shifting in potential rather than 
increasing in quantity [107]. 
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CHAPTER 2 
FFESS-BASED DIRECT-WRITE 
PATTERNING 
 
Electrospraying has attracted great attention from scientific and technical communities because 
of the ability to generate uniform and ultrafine droplets or fibers of solutions, which have 
applications including micro- and nano-thin-film deposition, micro- or nano-particle and fiber 
production, and micro- or nano-capsule formation. These thin films and particles find uses in 
material technologies, microelectronics, and medical technologies [63, 110-115]. However, 
many studies have detailed the complexities of the spray modes as a result of the wide range in 
solution and deposition parameters that can be encountered [58, 59, 64, 65]. When applied in the 
form of electrohydrodynamic (EHD) patterning of materials, it is necessary to understand and 
control the stability of the spray mode in order to maintain the capability to accurately pattern 
material. This chapter presents a fundamental study of single-jet FFESS for direct-write 
patterning of a high-viscosity TiO2 nanoparticle paste used to generate DSC electrodes through 
the analysis of current-voltage-flow rate (I–V–Q) relationships and monitoring of the stability. 
The resolution limits of the patterning are examined, and applications of the FFESS-based 
patterning using high-viscosity pastes are presented. 
 
 2.1 Patterning Stability 
In order to investigate the patterning modes and stability, the current-voltage-flow rate (I–V–Q) 
relationships were measured for the TiO2 nanoparticle paste used to generate DSC electrodes. 
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The voltage was applied using a high voltage power supply (EH50R2, Glassman High Voltage) 
and the paste was flowed using a syringe pump (PHD 4400 Ultra, Harvard Apparatus). The 
current was measured using a multimeter (34401A, HP) by measuring the voltage across an 8.75 
MΩ sampling resistor. The current was averaged using LabVIEW software after collecting 
~8,000 samples in order to average out the noise in the measured data. The I–V relationships 
were measured for flow rates of 0.01-10 µL/min, which are commonly used in 
electrohydrodynamic patterning, and the voltage range corresponded to the limits within which a 
stable single-jet could be maintained. The substrate was translated to allow evaporation of the 
solvents and prevent excessive buildup. The nozzle was illuminated by a stroboscope and 
helium-neon laser and monitored by a CCD video camera equipped with an optical train for high 
magnification and long-focal length imaging. The outer diameter of the nozzle was 765 µm. 
 The I–V–Q relationship of the TiO2 nanoparticle paste used for the electrohydrodynamic 
patterning of the nanoparticle networks was first investigated. To prepare the paste, commercial 
anatase phase TiO2 nanoparticle paste (HT/SP, Solaronix) was diluted to a solution containing 25 
wt% α-terpineol added. The shear stress of the paste with shear rate is shown in Figure 2.1a. The 
paste is non-Newtonian fluid, exhibiting viscoplastic behavior with a high yield stress, beyond 
which it becomes shear thinning. The paste also has some thixotropic behavior as shown by the 
hysteresis. The corresponding viscosity of the paste was 15-70 Pa·s. Due to the high viscosity, 
the paste rapidly built up on the substrate at a nozzle-to-substrate distance of 1 mm, leading to 
direct contact between the conical meniscus and the substrate. Therefore the I–V–Q relationship 
was first measured at a distance of 10 mm. The I–V relationship is shown in Figure 2.1b, along 
with the extrapolated ohmic current based on the conductivity of the paste which was measured 
to be 6.4×10-7 S/m. The error bars indicate the standard deviation of the raw current samplings. 
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The current exhibited a strong relationship with applied voltage which appeared to be nearly 
ohmic at voltages above +5 kV. Although the slope appeared to be close to that of the ohmic 
current, the I–V relationship was offset by around +4.5 kV. We suspect this may be the minimum 
potential required to maintain the jet at the nozzle opening. The current did not exhibit a 
significant dependence on flow rate, except at very low flow rates of 0.1-0.01 µL/min where the 
current increased slightly. The nearly ohmic I–V relationship indicates that the charge transport is 
limited by conduction between the needle electrode and nozzle opening. This suggests that the 
charge transport by the jet is not flow-limited, causing the potential at the nozzle opening to be 
much less than the applied at the needle electrode. In addition, the reduction in current at the 
higher flow rates of 1-2 µL/min indicates that the depletion of ions from the paste by the higher 
flow rate may lead to space-charge-limited transport between the needle electrode and the nozzle 
opening, which would exhibit a behavior following  I ∝ V2 [70, 116]. High magnification images 
of the nozzle are shown in Figure 2.1c. The conical meniscus remained in a steady-state cone-jet 
mode for all applied voltages, although there were fluctuations in the flow at voltages above +7 
kV which caused the large error bars in Figure 2.1b, and no pulsation modes were observed 
which have been previously characterized in electrohydrodynamic spraying [117]. We expect 
that the high viscosity of the paste may contribute to damping of oscillations in the conical 
meniscus which could otherwise result in pulsating modes. 
 Since short nozzle-to-substrate distances are necessary for spatially accurate patterning of 
inks by electrohydrodynamic patterning, the I–V–Q relationship of the TiO2 nanoparticle paste 
was also investigated at a nozzle-to-substrate distance of <1 mm. As discussed previously, in this 
configuration the paste rapidly builds up on the substrate leading to direct contact between the 
conical meniscus and the substrate. This patterning configuration will henceforth be referred to 
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as patterning in the contact mode, in which the geometry of the conical meniscus becomes 
coupled to the translation of the substrate. Figure 2.2a shows high magnification images of the 
nozzle patterning the TiO2 paste using this mode. There was no breakup of the fluid between the 
nozzle and the substrate, and the orientation of the meniscus was controlled by the direction of 
the substrate translation. The I–V relationship of TiO2 nanoparticle paste in the contact mode 
became purely ohmic as shown in Figure 2.2b, and matched the values for the extrapolated 
current based on the measured conductivity of the paste. There was no discernible dependence of 
the current on the flow rate. This variation in the I–V relationship enables the capability to 
control the stability of the patterning though monitoring of the current. 
To demonstrate the effect of, and the necessity for, the application of high voltage in the 
contact mode, the TiO2 nanoparticle paste was patterned on a silicon substrate to generate an 
array of lines. The flow rate was 1 µL/min and the nozzle-to-substrate distance was 250 µm. The 
substrate was translated at a velocity of 5 mm/s. Figure 2.3a shows the pattern and corresponding 
nozzle image without the application of voltage, in which the paste breaks up into droplets. 
Figure 2.3b shows the pattern and corresponding nozzle image with the application of +2.5 kV. 
The charge injection maintains a sufficient potential at the nozzle opening to induce a steady-
state filament of paste, which leads to stable deposition of uniform and continuous lines of paste. 
At a longer nozzle-to-substrate distance the meniscus would sharpen into a fine jet of fluid. 
However, the meniscus is coupled to the substrate which prevents further thinning of the 
filament, and the diameter of the filament becomes controlled by the flow rate and velocity of the 
motion stage. At voltages beyond the critical value needed to maintain a continuous filament, the 
excess charge can be transported by ohmic conduction, allowing for a large range in voltage in 
which the patterning is stable. 
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2.2 Resolution Limit 
Due to the coupling of the meniscus with the substrate in the contact mode patterning, the 
maximum resolution in terms of the cross-sectional area of the lines is given by  
 
stagev
QCA =  (2.1)  
where A is the cross-sectional area of the solidified material from the paste or ink, Q the flow 
rate, vstage the translation velocity of the substrate relative to the nozzle and C a constant equal to 
the volume fraction of solid contents in the solution, which accounts for the loss of area caused 
by the evaporation of solvent. To verify this relationship, the flow rate of the TiO2 paste was 
varied from 0.01-10 µL/min and the translation velocity of the substrate was varied from 0.1–
100 mm/s. After patterning, the lines were dried by heating at 60 °C for 1 h, and the cross-
sectional areas of the solidified lines were measured by profilometry. Figure 2.4a shows the 
resulting cross-sectional areas as a function of translation velocity and flow rate. Equation 2.1 
was fitted to the experimental data by adjusting the value of the constant, C. For the higher flow 
rates of 1 and 10 µL/min the values of C were equal, which indicates that the volume fraction of 
the solid contents, including the TiO2 and polymer binder, was around 13% in the paste. At 
lower flow rates this constant deviated, which was likely caused by inaccuracies in the flow rate 
as a result of a large residual pressure drop in the nozzle when flowing the high viscosity paste. 
A region of stable Q/vstage was experimentally determined for this paste as shown in Figure 2.4a. 
Briefly, values of Q/vstage above this range resulted in significant buildup of liquid which was 
thicker than the nozzle-to-substrate distance, and values of Q/vstage below this range resulted in 
the breakup of the liquid filament due to the limited velocity of the viscous paste. 
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 The resolution is more commonly defined in terms of a line width. The line width is 
affected by the aspect ratio of the lines which is dependent on the wetting properties of the paste 
and is not constant with the size of the lines. Therefore, for a simple comparison the maximum 
resolution, corresponding to a line having a circular cross-section, is given by  
 
2/1
2








=
stagev
Qd
pi
 (2.2) 
where d is the line width. Figure 2.4b shows the corresponding measured line widths as a 
function of translation velocity and flow rate, along with the scaling law from Equation 2.2. For 
all of the flow rates, the line widths followed the expected trend from Equation 2.2 but the 
theoretical maximum line widths were 3-6 times smaller than the measured values. Still, the 
minimum line width achieved of 27 µm was around 30 times smaller than the outer diameter of 
the nozzle, demonstrating the capability of electrohydrodynamic patterning in the contact mode 
to generate fine features from high viscosity pastes. 
 To push the resolution limit further paste formulations were developed which used tert-
butanol as the primary solvent. Because tert-butanol has a high vapor pressure of 30.8 mmHg at 
20 °C, as well as a high melting point of 25 °C, it can be used to rapidly solidify pastes during 
the pattering process to generate high aspect ratio filaments of material having smaller line 
widths. To demonstrate this, a solvent exchange procedure was used to replace the solvent in a 
commercial silver paste (Fodel 2020, DuPont) with tert-butanol. Fodel is a photoimageable paste 
used to generate high conductivity interconnects for electronics with a resolution of ~40 µm 
[118]. Due to the increase in conductivity of the paste after the solvent exchange, a voltage could 
not be applied to solution in contact mode without electrical breakdown. Instead, lines were 
formed by a droplet-drawing technique with no applied voltage, and the formation of fibers from 
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the droplets was a result of the viscoelastic properties of the paste. Because of this, the large-area 
uniformity was poor, since all fibers initiated from large, non-uniform droplets, as in Figure 2.3a. 
The lines were annealed at 500 °C for 1 h. Figure 2.5a shows SEM images of a 20 µm diameter 
silver line generated using this paste, exceeding the reported line widths achieved by Fodel 
[118]. The cross-section image shows that the aspect ratio is roughly 1:1. These high aspect ratio 
silver lines are ideal for application as grid lines for current-collection in solar cells, since they 
can minimize losses in the active area. Another paste was also formulated using TiO2 
nanoparticles and a long-chain polymer binder in tert-butanol. Using the same patterning 
technique, line widths as small as 3 µm were patterned, as shown in Figure 2.5b, demonstrating 
that the minimum line width can be over 250 times smaller than the outer diameter of the nozzle. 
The dimensions of these fibers were limited by the homogeneity of the TiO2 nanoparticles 
dispersed in the paste, which can improve with additional processing. Further development is 
necessary to optimize the formulation and deposition conditions for these pastes. 
 
2.3 Patterning of Nanoporous TiO2 Electrodes 
Electrohydrodynamic patterning of uniform TiO2 nanoparticle networks was performed using a 
TiO2 nanoparticle paste (HT/SP, Solaronix) which was diluted to a solution containing 25 wt% 
α-terpineol added. The paste was deposited using the meniscus contact mode in a point-by-point 
fashion using a pitch of 250 µm, in which each patterning sequence deposited an equivalent 
volume of paste per pixel (250 µm x 250 µm). The patterning sequence showed a strong 
influence on the thickness uniformity across the TiO2 network. Square TiO2 nanoparticle 
networks were patterned using different square spiral patterning sequences. Dark field images of 
the networks shown in Figure 2.6a exhibited variations in the intensity of the scattered light due 
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to thickness non-uniformities, which were caused by preferential wetting of the paste during the 
patterning process. The paste showed a tendency to de-wet the bare FTO surface, presumably to 
minimize surface energy. By introducing a pattering sequence which propagated in both 
directions, i.e. both inward and outward, the thickness non-uniformity was minimized. 
Figure 2.6b shows the thickness profile of a TiO2 nanoparticle network generated by 
electrohydrodynamic patterning using the bi-directional pattering sequence, after annealing at 
500 °C for 1 h. To characterize the thickness uniformity of the nanoparticle networks, the 
standard deviation in thickness was calculated across 4 mm spans along the middle of the 
profiles. The standard deviation for the electrohydrodynamic patterned samples was ~1.0% of 
the average thicknesses, or 170 nm for the 17 µm thick networks. This deviation corresponds to 
the thickness of just 12 nanoparticles across the network. 
 
2.4 Summary 
In this chapter, the electrohydrodynamic patterning of fluids was studied using a nozzle design 
based on flow-limited field-injection electrostatic spraying, in which a sharpened needle 
electrode was used for stable charge injection into solutions. The I–V–Q relationship of the TiO2 
nanoparticle paste used for the electrohydrodynamic patterning of the nanoparticle networks was 
investigated. At a long nozzle-to-substrate distance, where the meniscus was not coupled to the 
substrate, the I–V relationship was nearly ohmic with an offset voltage of +4.5 kV which 
indicates that the charge transport by the jet is not flow-limited, but is instead limited by 
conduction between the needle electrode and nozzle opening. At higher flow rates the I–V 
behavior appeared to be space-charge-limited. In the contact mode patterning, the I–V 
relationship became purely ohmic with no flow-limitation. The difference in patterning stability 
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was demonstrated with and without application of voltage, showing that a sufficient voltage is 
needed to maintain a stable filament of fluid between the nozzle and substrate. Finally, the 
resolution of the contact mode patterning was investigated and agreed with a simple relationship 
describing the coupling between the flow rate and the translation velocity of the substrate. With 
proper formulation of the paste, the resulting line widths can be over 250 times smaller than the 
outer diameter of the nozzle, demonstrating the capability of FFESS patterning in the contact 
mode to generate fine features from high viscosity pastes. 
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2.5 Figures and Tables 
 
 
  
 
 (c) +4 kV +7 kV +10 kV 
 
Figure 2.1. (a) Shear stress versus shear rate for Solaronix HT/SP anatase phase TiO2 
nanoparticle paste (courtesy of Solaronix SA). (b) I–V relationships in the patterning mode for 
HT/SP diluted by 25 wt% α-terpineol added, measured at a nozzle-to-substrate distance of 10 
mm. Also shown is the extrapolated ohmic current based on the conductivity which was 
measured to be 6.4×10-7 S/m. The error bars indicate the standard deviation of the raw current 
samplings. (c) High magnification images of the nozzle, which exhibited only a steady-state 
cone-jet mode for all applied voltages. 
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 (a) 1 µL/min 2 µL/min 3 µL/min 4 µL/min 
 
 
Figure 2.2. (a) High magnification images of the nozzle during electrohydrodynamic patterning 
of the TiO2 nanoparticle paste in the meniscus contact mode. The substrate was translated to the 
left during the patterning. (b) I–V relationship in the contact mode, measured at a nozzle-to-
substrate distance of 250 µm. Also shown is the extrapolated ohmic current based on the 
conductivity which was measured to be 6.4×10-7 S/m. 
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Figure 2.3. Top view microscope images (left) and corresponding high magnification images of 
the nozzle (right) resulting from contact mode patterning of an array of lines of TiO2 
nanoparticle paste on a silicon substrate. The flow rate was 1 µL/min, the nozzle-to-substrate 
distance was 250 µm, and the substrate was translated at a velocity of 5 mm/s. (a) Without the 
application of voltage. (b) With the application of +2.5 kV. 
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Figure 2.4. (a) Cross-sectional areas of lines of TiO2 nanoparticle paste after drying as a function 
of translation velocity and flow rate. The experimental data are represented by circles. The solid 
lines show the scaling law from Equation 2.1, which was fitted to the experimental data by 
adjusting the constant C. (b) Line widths of TiO2 nanoparticle paste after drying as a function of 
translation velocity and flow rate. The experimental data are represented by circles. The solid 
lines show the scaling law from Equation 2.2. 
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Figure 2.5. (a) Top view (left) and cross-section (right) SEM images of a silver micro-fiber 
generated by contact mode patterning of a paste based on DuPont Fodel 2020 after solvent 
exchange with tert-butanol. The paste was annealed at 500 °C for 1 h. (b) Top view SEM images 
TiO2 nanoparticle micro-fibers generated by contact mode patterning of a paste based on TiO2 
nanoparticles with a long-chain polymer binder in tert-butanol. The paste was annealed at 500 °C 
for 1 h. Fibers were generated by a droplet-drawing process with no applied voltage, as in Figure 
2.3a. 
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Figure 2.6. (a) Top view and dark field images of TiO2 nanoparticle networks patterned using 
different square spiral patterning sequences, as shown schematically below the images. The paste 
was deposited in a point-by-point fashion with equivalent volume deposited for all sequences. 
The intensity of the scattered light was proportional to the local thickness on the networks. (b) 
Thickness profile of a TiO2 nanoparticle network generated by electrohydrodynamic patterning 
using the bi-directional pattering sequence. The network was annealed at 500 °C for 1 h. 
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CHAPTER 3 
TiO2 NANOPARTICLE-NANOFIBER  
ELECTRODES 
 
Electrospinning is a simple and versatile technique for rapidly generating networks of one-
dimensional sub-micron nanofibers and has resulted in numerous applications including filters, 
biomaterial scaffolds, drug delivery systems, catalysts, and conducting mats [110-112, 114]. The 
recent demonstration of the generation of ceramic nanofibers including TiO2 by electrospinning 
of has opened up new applications for photocatalysts and photovoltaics [80, 113]. This chapter 
discusses an extension of FFESS for the electrospinning of TiO2 nanofibers which are used as 
light-scattering structures in DSCs. Through the use of the EHD patterning developed in Chapter 
2, TiO2 composite nanoparticle-nanofiber (NP-NF) networks are generated in which the 
nanofibers maintain their 1-dimensional long range order. The morphology of the nanofibers and 
composites is examined and controlled with varying processing parameters, and the optical 
properties are measured to quantify the light-scattering in relation to the nanostructure of the 
fibers in the composite. In particular, the formation of a nanofiber-nanopore structure is 
investigated. The performances of DSCs incorporating NP-NF electrodes are analyzed and 
related to the light-scattering characteristics. 
 
3.1 Electrospinning of TiO2 Nanofibers for Composite Electrodes 
TiO2 nanofiber networks were electrospun from a FFESS nozzle onto fluorine-doped SnO2 
(FTO) conducting glass (TEC 15, Pilkington) from a solution of 20-60 mg/mL 
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polyvinylpyrrolidone (PVP) (Mw = 1,300,000 Aldrich) in 1:2:7 vol%  titanium(IV) isopropoxide 
(TiP):acetic acid:ethanol. The solution was flowed at a rate of 5 µL/min, while a potential of +5 
kV was applied to the nozzle by a needle electrode. The nozzle was monitored by a CCD video 
camera equipped with an optical train for high magnification and long-focal length imaging. 
The electrospinning process initiates by application of a high potential to the electrode 
which induces charging on the surface of the solution meniscus. The surface charge opposes the 
surface tension of the liquid, and under the influence of the tensile force generated by the applied 
electric field, the meniscus reforms into a conical shape known as the Taylor cone [68]. The 
liquid surface becomes unstable when the electrostatic repulsion force of the surface charge 
exceeds the surface tension force, driving a charged jet of fluid to propel from the apex of the 
Taylor cone [110, 112]. With the continuous supply of solution and charge, a steady-state 
charged jet of fluid is maintained emerging from the nozzle opening. Figure 3.1a shows the still 
image of the fine jet of solution emitted from the tip of a small steady-state cone-jet which is 
located on the edge of the nozzle during the electrospinning process. Using image analysis 
software (ImageJ), the initial jet diameter was measured to be around 20 µm. Given the flow rate 
of 5 µL/min, this corresponds to an initial jet velocity of 20-30 cm/s. The free charge in the jet is 
accelerated by the electric field between the nozzle and the grounded substrate collector, and this 
acceleration transfers a tensile force into the fluid due to the limited drift velocity of the charge 
relative to the axial velocity of the jet. Other forces also contribute to the elongation of the jet 
including the electrostatic repulsion of charge in the jet, gravitational acceleration, aerodynamic 
drag, and inertia, while the viscoelasticity of the polymer solution resists the elongation. As the 
jet is accelerated, the reduction in diameter increases the surface area per unit volume and allows 
for the rapid evaporation of volatile solvents, which in turn significantly changes the viscoelastic 
 41 
 
properties of the jet, increasing the elongational viscosity as the jet is transformed into a fiber 
[111]. This dynamic competition between the elongation of the jet and the viscoelastic properties 
of the solution determines the final structure and dimensions of the fibers. With the appropriate 
control of the electrospinning solution properties, continuous fibers composed of polymers and 
composites can be generated at velocities in excess of 1 km/s, while having uniform diameters on 
the nanoscale. 
The electrospinning solution used in this work involved sol-gel processing in which the 
titanium precursor, titanium(IV) isopropoxide, was first modified with an excess of acetic acid 
by adding a 10:1 molar ratio of acetic acid:TiP followed by vigorous stirring for 30 sec. The 
acetic acid stabilizes the precursor through ligand exchange, forming a stable complex which has 
bidentate coordination of an acetate ligand with titanium as shown in Equation 3.1. 
 Ti(OiPr)4 + 2CH3COOH ↔ Ti(OCOCH3)(OiPr)2 + 2C3H8O (3.1) 
The formation of this complex reduces the number of isopropoxy groups which can easily 
hydrolyze and condense [119]. The ethanol added to the solution, along with the isopropanol 
released by the modification of the TiP, served as the volatile solvent for the long chain polymer, 
polyvinylpyrollidone. PVP is commonly used in the synthesis of TiO2 nanofibers due to its high 
solubility in alcohols and its good compatibility with titanium precursors [113]. During the 
electrospinning process, the evaporation of the solvent occurs prior to the jet reaching the 
substrate, generating a fiber composed of PVP and titanium precursor. While some hydrolysis of 
the precursor may occur during the electrospinning process, the fibers are generally left in air at 
room temperature for multiple hours for the hydrolysis to go to completion [80]. Hydrolysis and 
condensation of the precursor produce isopropanol, acetic acid, and water which evaporate from 
the fiber, leaving a resulting structure consisting of PVP and a low density network of TiO2. 
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Finally, the fiber networks are calcined at elevated temperature to remove residual solvent, burn 
out the PVP, and for densification of the TiO2 by crystallization and sintering. The elongation of 
the fibers during electrospinning along with the volume losses due to the removal of solvent and 
polymer and densification of the TiO2 results in the formation of TiO2 nanofiber networks [113]. 
In the typical sample, nanofibers were first deposited for 5 min. During the 
electrospinning process, a 1 cm diameter coaxial nozzle around the electrospinning nozzle 
flowed N2 at a flow rate of 5000 sccm, which was saturated with DI water vapor (vapor pressure 
of 24 mm Hg at 25 °C) using a bubbler. This created a high-humidity jacket around the 
electrospinning fiber for rapid hydrolysis. After deposition of the nanofibers, vapor flow was 
continued onto the nanofiber network for 30 min to complete the hydrolysis. Figure 3.1b shows 
the as-deposited TiO2/PVP nanofiber network, which appears to be optically dense. To fabricate 
TiO2 nanoparticle-nanofiber (NP-NF) composites, nanoparticle paste (HT/SP, Solaronix) diluted 
with α-terpineol was deposited into the fiber networks by electrohydrodynamic patterning to an 
electrode thickness of 12 µm, as discussed in Chapter 2. This patterning technique enabled non-
contact, maskless deposition without damage to the fragile nanofiber networks. Without the 
addition of the nanoparticle paste in the network, the nanofiber networks alone cracked and 
delaminated from the FTO substrate upon drying and sintering, which has been a significant 
problem for their application in DSCs and has led to the development of additional treatment 
processes which often deform or damage the structure of the nanofibers [84-86]. The NP-NF 
networks were first dried at room temperature for 24 hours in air which was saturated with acetic 
acid vapor (vapor pressure of 16 mm Hg at 25 °C). Without the drying and hardening of the 
scaffold, the volume loss by the removal of acetic acid from the nanofibers led to formation of 
millimeter-sized cracks in the composite. After drying, the composites were heated in air to 480 
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°C for 15 min to remove residual solvent and burn out the polymer from both the nanofibers and 
nanoparticle network. The networks were then treated with a solution consisting of 1:5:5 molar 
ratio of TiP:acetic acid:ethanol diluted to a concentration of 2.5 mM TiP in DI water which also 
contained 0.16 M HCl. The networks were immersed in the solution and heated to 70 °C for 30 
min. This treatment was performed to improve DSC performance, as discussed in Chapter 4. 
Finally, the NP-NF networks were calcined and sintered at 500 °C for 1 h. During this process, 
the nanofiber network surrounding the composite delaminates from the FTO substrate and 
fractures from the composite, as shown in Figure 3.1b. The nanofiber network within the 
composite is constrained from shrinking laterally by the surrounding nanoparticle scaffold. 
 
3.2 TiO2 Nanofiber Morphology 
The morphology of the TiO2 nanofibers was first characterized independent of the composites in 
order to identify the phase of the TiO2 as well as the grain structure and growth kinetics. High 
magnification micrographs of the nanoparticle networks were obtained by scanning electron 
microscopy (SEM) to characterize the surface morphology. Size distributions of the nanofibers 
and pores were measured using image analysis software (ImageJ). The internal grain structure of 
the nanofibers was imaged by transmission electron microscopy (TEM) (2100 Cryo, Jeol) 
operating at an accelerating voltage of 200 kV. The phase, average crystallite size, and grain 
growth were characterized by X-ray diffraction (XRD). 
 Figure 3.2a shows the SEM images of the nanofibers as-deposited at 25 °C, which are 
randomly distributed and form a nanofiber network. The nanofibers appear uniform in diameter 
along the length of the fibers and unbroken throughout the network, and we found no appearance 
of droplets or beads along the fibers. The breakup of the jet into droplets or the formation of 
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beads along the fibers are common phenomenon in the electrospinning process and create 
undesirable defects in the network structure. The driving force for the formation of beads and 
droplets is the minimization of surface area caused by the surface tension of the liquid. This 
competes with both the viscoelastic force, which resists the rapid change in shape of the jet into a 
droplet, and the surface charge which draws the jet into a fiber. Adding more polymer to an 
electrospinning solution increases the viscoelastic force, which can suppress the formation of 
beads and droplets [114]. The lack of beads observed in the network indicates that the 
concentration of PVP in the electrospinning solution is sufficient to overcome the driving force 
to form droplets. In addition to the lack of beads, no fibers which contained branches were 
observed in the network. In the conventional electrospinning process, the elongating jet of fluid 
can become unstable in the radial direction if the repulsive force from the surface charge 
overcomes the cohesive force of the jet. This leads to a region between the nozzle and collector 
where secondary jets form which branch off from the primary jet, known as splaying [111]. The 
lack of branching of the fibers indicates that the network is composed of a single nanofiber or 
very few nanofibers which were drawn from the single jet. The whipping motion of the jet 
caused the fiber to deposit in randomly oriented loops, spanning a circular region on the collector 
having a diameter of ~5 cm. As a result, the nanofibers were deposited as an entangled mat. 
The magnified image of the as-deposited nanofibers in Figure 3.2a shows that they 
exhibit a smooth surface with the lack of a well-defined grain structure. Prior to the high 
temperature annealing process, nanofibers deposited from a PVP and TiP mixture have been 
found to be a uniform composite of PVP and TiO2 without phase separation due to insufficient 
energy for crystallization and grain growth of the TiO2 [113]. The average diameter of the as-
deposited nanofibers in this sample was 190 ± 40 nm. The SEM image in Figure 3.2b shows the 
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nanofibers after calcination at 500 °C for 1 h. The burnout of the PVP led to a loss in the volume 
of in the nanofiber network, and reducing the average diameter of the nanofibers to 104 ± 17 nm, 
a reduction of 45%. We also observed that that the calcination process led to the delamination of 
the nanofiber network from the FTO substrate, which remained intact but shrank in area by 
~50%. As a result, there is a significant increase in the areal density of the nanofibers in Figure 
3.2b. The magnified image of the fibers shows an increase in the surface roughness, which could 
be attributed to the crystallization and sintering of the TiO2 causing the formation of 
nanoparticles with diameters of 10–20 nm. 
Figure 3.3 shows TEM images of a nanofiber after calcination. The nanofibers are 
polycrystalline, composed of nanoparticle grains both on the surface and internally as evidenced 
by the multiple overlapping grain boundaries. The high magnification image in Figure 3.3b 
shows that the grains near the surface appear to be only a few nanometers in diameter. This could 
be detrimental in the operation of a DSC, as the increased surface area per unit volume creates 
more pathways for recombination of electrons with the electrolyte unless passivated, and the trap 
states at the surface and at grain boundaries can slow the diffusion of electrons [87]. Controlling 
the grain size of the nanofibers is therefore important. 
Figure 3.4 shows the XRD spectra of the as-deposited TiO2/PVP nanofibers and the 
calcined TiO2 nanofibers on soda-lime glass substrates. No peaks were observed in the spectrum 
of the as-deposited sample, indicating that the TiO2 is deposited in an amorphous phase. After 
calcination of the nanofibers at 500 °C for 1 h, all of the peaks which appear correspond to the 
anatase phase, with no indication of the formation of rutile phase. The peak intensities of the 
anatase phase were in good agreement with the reference peaks for anatase powder, exhibiting 
no preferential grain orientation with respect to the substrate. To confirm that the TiO2 was well 
 46 
 
crystallized and that there was no presence of the rutile phase, a nanofiber sample was calcined 
using increasing annealing times and XRD spectra were collected for the primary anatase (101) 
and rutile (110) peaks, shown in Figure 3.5a. The peaks were fitted by a pseudo-Voigt function 
using Rigaku Jade analysis software. The anatase (101) peak became narrower with increasing 
annealing time while the integrated peak intensity increased by only 34% between the 1 h anneal 
and 16 h anneal. This increase in signal could be due to crystallization of residual amorphous 
TiO2 but may also result from grain growth. It was only after annealing for 8 h that the rutile 
(110) peak could be detected. The weight fraction of the rutile phase, xR, is determined from 
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where IA and IR are the areas of the anatase (101) and rutile (110) peaks [120]. The weight 
fraction of the rutile phase for both the 8 h and 16 h annealing times was only 2–3%. 
The crystallite size, D, can be extracted from the peak fitting using the Scherrer formula, 
given by 
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where λ is the X-ray wavelength, θ the diffraction angle of the peak, and β the full width at half-
maximum after subtracting the width due to instrumental broadening, which was measured to be 
0.1° in 2θ. The effect of the slight peak shifts in Figure 3.5 on the crystallite size was within the 
fitting software output resolution of 0.1 nm. The resulting crystallite sizes for the two phases as a 
function of annealing time are shown in Figure 3.5b. Grain growth during the calcination of TiO2 
was previously investigated for both anatase and rutile phase nanoparticles synthesized by a 
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hydrothermal method [121-123]. The isothermal growth of the nanoparticles was well-described 
by assuming a sintering-like crystallization given by 
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where D is the grain size at time t, n the kinetic grain growth exponent, D0 the initial grain size, 
k0 a pre-exponential constant, Ea the activation energy for grain growth, R the gas constant, and T 
the temperature [122, 123]. Since the as-deposited nanofibers do not exhibit any XRD peaks 
resulting from crystallites, D0 is assumed to be extremely small and can be neglected. The 
resulting relationship was fitted to the anatase crystallite sizes in Figure 3.5b. Although the 
values of k0 and Ea cannot be determined from the isothermal growth relationship, the kinetic 
grain growth exponent was determined to be n = 5.6 ± 0.6. This value agrees well with a value of 
n = 5 obtained for the growth of anatase nanoparticles at 550 °C in the presence of organic 
impurities [121]. As a result, the grain growth in the TiO2 nanofibers does not appear to be 
constrained by the diameter of the fibers (104 nm) for grain sizes up to 25 nm, which are 
sufficiently larger than the anatase nanoparticles used in conventional DSCs. 
 
3.3 Nanofiber-Nanopore Formation 
A cross-section SEM image of the nanoparticle-nanofiber composite is shown in Figure 3.6a, 
demonstrating the successful incorporation of the TiO2 nanofiber network within the 
nanoparticle network. The complete penetration of the nanoparticle network through the 
nanofiber network and to the FTO substrate indicates that the printed nanoparticle paste 
exhibited good wetting of the TiO2/PVP composite nanofiber network. Nanofibers were found to 
span hundreds of microns throughout the network without breakup, which enables their potential 
application as effective charge transport structures in DSCs if they can be properly oriented 
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within the nanoparticle network. Examination revealed that all of the fibers are surrounded by a 
larger pore structure, as shown in Figure 3.6b. Many processing steps involved in the fabrication 
of NP-NF composites proved to be essential in forming well-defined fiber-pore structures. We 
found that the complete hydrolysis of the nanofibers was necessary. To illustrate this, a nanofiber 
network was deposited without the coaxial flow of water vapor, and the nanoparticle paste was 
immediately printed into the precursor/PVP nanofiber network. Figure 3.7a shows the resulting 
cross-section SEM image of the NP-NF network after calcination. No well-defined fiber-pore 
structures were observable, and instead a network of thin, ribbon-like TiO2 fibers remained. Both 
the precursor and the PVP are soluble in the α-terpineol solvent of the nanoparticle paste. To 
further confirm this, the nanofibers were deposited directly on top of an already-printed 
nanoparticle paste. Figure 3.7b shows a top-view SEM image of the NP-NF network after 
calcination. A defect in the network revealed that the nanofibers dissolved to form a dense film 
on the top surface of the nanoparticle network. This shows the necessity of the hydrolysis to 
prevent the loss of precursor into the nanoparticle paste, and also to strengthen the composite 
nanofibers which inhibits the dissolving of the PVP. 
 The presence of water in the initial electrospinning solution also affected the structure of 
the fibers and the fiber-pore formation. Water can inadvertently be introduced by the addition of 
polyvinylpyrrolidone, which is a hygroscopic polymer. To remove the absorbed water, the PVP 
was first heated in a vacuum oven at 100 °C for 24 h. The PVP contained ~10 wt% of water from 
the measurement of the mass loss, although this value can differ depending on exposure to 
humidity. Therefore, in the conventional electrospinning solution containing 30 mg/mL, it was 
estimated that without the vacuum heating the solution contained ~0.3 vol% water. Figure 3.8a 
shows a typical TiO2 nanofiber in the nanoparticle network which resulted from the 
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electrospinning of the solution without the vacuum heating of the PVP. The nanofiber exhibits a 
highly porous nanostructure composed of a low-density network of nanoparticles. The hydrolysis 
and polymerization of the precursor in solution can lead to the formation of nanoparticles in 
solution. The nanoparticles in solution may phase separate from the PVP during the 
electrospinning process, causing the resulting burnout of the PVP to leave a porous structure. 
Figure 3.8b shows a typical TiO2 nanofiber with the vacuum heating of the PVP, exhibiting no 
pores in the nanostructure. By inhibiting the hydrolysis the precursor prior to formation of the 
fiber, the as-deposited nanofiber is a homogeneous composite of precursor and PVP. The 
subsequent hydrolysis and polymerization of the precursor could then strengthen the fiber and 
inhibit the phase separation of the PVP. For both samples, a ~1 nm layer of gold palladium was 
sputtered onto the surface to improve imaging, which could affect the apparent porosity of the 
nanofibers. However, the porosities of the surrounding nanoparticle networks appear similar. 
Figure 3.9 shows cross-sectional SEM images of the typical fiber-pore structures resulting from 
the nanofiber structures in Figure 3.8. The fiber-pore structures resulting from the porous 
nanofibers in Figure 3.9a exhibit a characteristic breakup of the nanofiber during the calcination 
process. A possible cause is that the poorly interconnected nanoparticles in the porous nanofiber 
can more easily sinter with the nanoparticles in surrounding network. In contrast, the dense 
nanofibers produce well-defined fiber-pore structures shown in Figure 3.9b. 
To confirm the mechanism for the formation of the fiber-pore structure, NP-NF networks 
were compared after drying at 60 °C for 1 h and after calcining. Figures 3.10a and 3.10b show 
magnified cross-section SEM images of a single fiber in the network upon drying and calcining, 
respectively. The proposed mechanism for the formation of the fiber-pore structure is shown in 
Figure 3.10c. The nanofibers after drying contained PVP and TiO2 and no pore structures were 
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present. However, heating to 500 °C caused burnout of the polymer from the nanofiber which led 
to a reduction in diameter, forming the fiber-pore structure. To demonstrate control of the 
structural dimensions of the fibers and pores, the PVP content was varied and size distributions 
of the nanofibers and pores were collected using SEM and ImageJ. Figure 3.11a shows SEM 
images of the calcined TiO2 nanofibers, demonstrating the increase in diameter with PVP 
concentration in the electrospinning solution. The TiO2 nanofiber and pore diameters with PVP 
content are shown in Figure 3.11b, both of which exhibit a linear relationship, allowing simple 
control of the structural dimensions. As discussed in Section 3.1, the viscoelastic properties of 
the electrospinning solution are generally controlled by the concentration of polymer. Increasing 
the PVP concentration causes greater viscoelastic force, which resists the electric field-driven 
elongation of the charged jet. Further investigation will be needed to understand the cause of the 
linear relationship with nanofiber diameter. The fitted linear relationship of the pore diameter 
extrapolates close to zero as the PVP content goes to zero which is further evidence that PVP 
concentration is the dominant factor controlling the as-deposited nanofiber diameter. 
Based upon the bulk densities of polyvinylpyrrolidone (1.2 g/cm3) and anatase phase 
TiO2 (3.89 g/cm3) and the content of TiO2 and PVP in the electrospinning solution, we calculated 
the expected diameter ratios of the pore to the nanofiber, Dp/Dnf, where the diameter of the pore 
includes the volume of the TiO2 prior to burnout of the PVP. For the 30 mg/mL PVP, the 
calculated ratio was Dp/Dnf = 2.16, while the experimental ratio from Figure 3.11b was Dp/Dnf = 
1.74. All of the samples showed an experimental ratio which was 18 ± 3% less than the 
calculated ratio. The discrepancy could arise from a reduction in thickness of the nanoparticle 
network during calcination, which would shrink the vertical dimension of the pore (see Figure 
3.9b). Alternatively, the bulk densities may not be additive for the fiber-pore composite. Overall, 
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the diameter ratios are similar enough to the expected values to conclude that the fiber-pore 
structure is formed by the burnout of PVP from the composite nanofiber. 
 
3.4 Optical Properties 
In addition to having suitable dimensions for light-scattering, the fiber-pore structure may be 
more efficient at scattering light than sub-micron particles or pores. The intensity of light 
scattered light, I, around an isolated nanofiber is given by 
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where I0 is the incident intensity, m and n the refractive indices of the nanofiber and surrounding 
media, respectively, a the radius of the nanofiber, λ the wavelength of light in the surrounding 
media, J1 the Bessel function, and r and θ the polar coordinates [90]. Clearly, for a given size of 
nanofiber, the light scattering has a strong dependence on the refractive index mismatch between 
the fiber and surrounding nanoparticle network electrode. In the DSC, the porous nanoparticle 
network composed of TiO2, having a refractive index of ~2.5, is penetrated by the electrolyte, 
with a refractive index of ~1.5. The effective refractive index of the transparent and 
homogeneous composite of the two materials can be approximated to be ~2.0 [124]. The 
resulting refractive index mismatch between either embedded sub-micron pores or dense TiO2 
particles with the surrounding network is estimated to be ~0.5. Alternatively, the nanofiber-pore 
structure contains an interface between the dense TiO2 nanofiber and the surrounding electrolyte-
filled pore, having a refractive index mismatch of ~1.0, which could result in greater light 
 52 
 
scattering. According to Equation 3.5, the intensity of scattered light from the nanofiber-
nanopore structure could be as much as four times that resulting from a dense TiO2 particle or 
pore. 
 Absorbance spectra were measured using a Cary 5000 UV-Vis spectrophotometer 
equipped with an external diffuse reflectance accessory (DRA-2500), which was capable of 
measuring both the specular and diffuse components for both transmission and reflection, as well 
as the resulting absorption. In this system, the diffuse signal in the measurement was defined as 
8° beyond normal to the sample surface. Figure 3.12a shows photographs of the NP-only and 
NP-NF composite after drying at 60 °C for 1 h and Figure 3.12b shows photographs after 
calcination. The absorbance spectra of the samples in Figure 3.12c reveals that the NP-NF 
composite has nearly equivalent absorption to the NP-only sample throughout the visible 
spectrum, both after drying and after calcination, indicating that the nanofibers are not 
contributing significantly to electronic absorption. As seen from the total light scattering in 
Figure 3.12d, i.e. the sum of the diffuse transmission and diffuse reflection, during the heat 
treatment of the nanoparticle-only network, the interpenetrating polymer was burned out causing 
the light scattering to increase by around 50% at 550 nm. This can be attributed to an increase in 
the refractive index mismatch between the nanoparticles and surrounding pores. The dried NP-
NF network exhibited a nearly equivalent amount of light scattering as the dried NP-only 
network. However, the light scattering showed a more significant increase by around 100% for 
the NP-NF composite after calcination, greater than the contribution of the nanoparticle network 
alone. This enhanced light scattering in the NP-NF network is therefore directly attributed to the 
nanoscale transformation of the structures from TiO2/PVP fibers to the TiO2 fiber-pore structures 
in Figure 3.10. The total light scattering is proportional to the light scattering cross-section of the 
 53 
 
network. Given that the dimensions of the effective structure did not change appreciably during 
the transformation from a TiO2/PVP fiber to a TiO2 fiber-pore, and the number density of fibers 
remains constant, the change in light scattering can be attributed to an increase in the scattering 
cross-section of the nanostructure by at least 50%. In Equation 3.5, the transformation to the 
fiber-pore structure forms a high refractive index mismatch interface which causes more efficient 
Mie scattering. 
 While the incorporation of light-scattering structures within the TiO2 nanoparticle 
network can improve the light harvesting efficiency of the electrode, the structures also occupy a 
significant volume within the composite, reducing the specific surface area and increasing the 
diffusion length for transport of electrons to the front contact. Therefore, it is important to 
optimize the light-scattering efficiency of the structures. As discussed earlier, the high index of 
refraction mismatch at the TiO2 fiber-pore interface may serve as a more efficient light-scattering 
structure than either dense TiO2 fibers only or pores only incorporated within the nanoparticle 
network. However, proper evaluation of the light scattering requires incorporation of an 
equivalent volume and diameter of the three types of characteristic structures, as illustrated in 
Figure 3.13. The average diameter of the fiber-pore structures from the 30 mg/mL PVP solution 
was 146 nm. To fabricate a nanofiber-only electrode, as illustrated in Figure 3.13b, the required 
PVP content to yield an average TiO2 fiber diameter of 146 nm was determined from the linear 
relationship in Figure 3.11b to be 72 mg/mL. The electrospinning time was also adjusted to 
deposit the same total volume of fibers, due to the difference in spinning speed. After deposition 
of the TiO2/PVP nanofibers, a paste consisting of 15 wt% ethyl cellulose (EC) (10 cP viscosity 
rating) in α-terpineol solvent was printed into the network as a sacrificial scaffold, and dried at 
60 °C for 1 h. The composite was then heated in air at 480 °C for 15 min to burn out the EC 
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scaffold and PVP. Figure 3.14a shows an SEM image of the resulting TiO2 nanofiber network. 
The EC scaffold prevented the lateral shrinking of the nanofiber network which would otherwise 
result in delamination of the nanofiber network from the FTO substrate. In addition, the dense 
TiO2 nanofibers remained unbroken throughout the sample, and the average diameter of the 
fibers was 143 nm. Following the preparation of the nanofiber-only network, nanoparticle paste 
(HT/SP, Solaronix) was deposited into the nanofiber networks by electrohydrodynamic 
patterning, and the structure was calcined and sintered at 500 °C for 1 h to generate the 
nanofiber-only composite. 
To fabricate a pore-only electrode, as illustrated in Figure 3.13c, the TiP was replaced 
with ethanol in the electrospinning solution, and the PVP content was adjusted to 35 mg/mL to 
account for the reduction in volume by the removal of the TiO2, based on the linear relationships 
in Figure 3.11b. PVP nanofibers were electrospun onto the FTO substrate and dried at 60 °C for 
1 h, followed by deposition of nanoparticle paste (HT/SP, Solaronix) into the nanofiber network 
and sintering at 500 °C for 1 h to generate the pore-only composite. Figure 3.14b shows a cross-
section SEM image of composite. Even with the burnout of the PVP nanofiber network, no pores 
were visible in the nanoparticle network. This indicates that the PVP nanofibers were completely 
dissolved in the nanoparticle paste. As discussed in Section 3.3 the nanofibers did not maintain 
their structure if the TiP precursor was not hydrolyzed to harden the composite fibers. Clearly, 
PVP nanofibers are incompatible the α-terpineol solvent in the paste, requiring further 
investigation of the electrospinning of other polymers which are insoluble in α-terpineol. 
Because of this, the light scattering properties of the pore-only composite were not examined. 
Figure 3.15 shows a summary of the processing sequence in the fabrication of the fiber-
pore and fiber-only composites. A disadvantage of the fiber-only composite is the requirement 
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for two additional processing steps, due to the need for (1) patterning of a sacrificial ethyl 
cellulose layer, and (2) annealing for the burnout of the EC and PVP. These additional steps are 
undesirable as they would increase the thermal budget and processing time for the production of 
DSCs, making the fiber-pore composite more desirable if the light-scattering efficiencies are 
comparable. The nanostructure of the fiber-only composite was investigated by SEM after 
calcination. Figure 3.16a shows a cross-section SEM image of a dense TiO2 nanofiber in the 
nanoparticle network. The lack of PVP in the fibers prior to the addition of the nanoparticle 
network results in no formation of pores around the nanofibers in the resulting composite. 
However, Figure 3.16b shows the cross-section SEM image of the composite near the front FTO 
contact, which exhibits significant pores at the interface. The pores appear to result from the poor 
infilling of the TiO2 nanoparticle network into the nanofiber network. This indicates that the 
nanoparticle paste did not wet the network of dense TiO2 nanofibers, and the light scattering 
characteristics could not be compared. The adhesion of the fiber-only composite was also worse, 
failing a simple adhesive tape test. Using this electrode structure in a DSC would also result in 
poor performance due to the small contact area for electron transport from the nanoparticle 
network to the front FTO contact, which would cause a high series resistance leading to 
recombination. 
 
3.5 Dye-Sensitized Solar Cell Performance 
To fabricate dye-sensitized solar cells incorporating the TiO2 nanoparticle and nanoparticle-
nanofiber electrodes, the networks were sensitized by immersion in a 0.5 mM solution of N719 
dye in 1:1 volume of acetonitrile:tert-butanol for 24 h. Counter electrodes were prepared by 
patterning a hexachloroplatinic acid-based paste onto FTO substrate, followed by heating at 450 
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°C for 1 h. The TiO2 and platinum electrodes were sandwiched and sealed using 60 µm thick 
Surlyn foil. An electrolyte (AN-50, Solaronix) was injected through pre-drilled filling holes 
which were then sealed with Surlyn and microscope cover glass. Current-voltage (J–V) 
characteristics of DSCs were measured under 0.86 sun illumination (AM 1.5 direct) using a solar 
simulator (91192-1000W, Oriel) and a Keithley 2400 source meter. 
For application of light scattering layers in DSCs, the structure of the electrode becomes 
important for optimizing the light harvesting efficiency [77]. Although Mie scattering is stronger 
in the forward direction, multiple scattering of photons from scattering centers can increase the 
amount of backscattered light. For this reason, light scattering layers at the front of the device 
could be detrimental if the scattering centers cause too much backscattering of light out of the 
device prior to absorption. The ideal geometry would efficiently utilize both the forward- and 
backscattering of light. To study the impact of electrode geometry, nanofibers were incorporated 
at the front or at the middle of the electrodes in the DSCs. Fabrication of an NP-NF composite 
electrode with nanofibers at the middle of the electrode involved a multi-step layered deposition. 
A nanoparticle network of 6 µm thickness was patterned and dried at 60 °C for 1 h, on top of 
which the TiO2/PVP nanofibers were deposited and dried. A second nanoparticle network of 6 
µm thickness was then deposited into the nanofiber network, and the entire structure was 
calcined and sintered at 500 °C for 1 h. Although this structure requires additional processing 
steps, only one high temperature annealing is required. The cross-section schematics and SEM 
images for the NP-NF composites incorporating nanofibers at the front and middle of the 
electrodes are shown in Figure 3.17a and 3.17b, respectively. 
The optical properties of the NP-only network and two composite geometries were first 
investigated for both the bare TiO2 networks and the dyed TiO2 networks. Figure 3.18a shows 
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the absorption and diffuse transmission and reflection for the bare TiO2 networks. There is little 
difference in the total absorption for all of the samples since the TiO2 nanofibers do not 
contribute significantly to electronic absorption. However, the diffuse reflection and transmission 
for the composites increase significantly relative to the NP-only sample, in agreement with 
Figure 3.12d. When comparing the NP-NF(front) and NP-NF(middle) networks, the diffuse 
reflection is similar, but the diffuse transmission is greater for the nanofibers incorporated at the 
middle of the network. The source of this difference is not fully clear but may be related to 
enhanced scattering when the nanofibers are isolated from the front electrode. Figure 3.18b 
shows the absorption, transmission and reflection of the dyed networks, where the transmission 
and reflection include both the specular and diffuse contributions. At longer wavelengths above 
550 nm, where the absorption of the N719 dye becomes poor, both NP-NF networks enhance the 
absorption, coinciding with a decrease in the transmission. However, at wavelengths below 550 
nm where the N719 dye absorbs strongly, the NP-NF(front) network exhibits a loss in absorption 
relative to the NP-only and NP-NF(middle) networks, which coincides with an increase in 
reflection. To investigate the source of this difference, the specular and diffuse components of 
the transmission and reflection were characterized separately. Figure 3.18c shows the specular 
transmission and reflection of the dyed networks. The specular transmission decreases for the 
NP-NF networks, as in Figure 3.18b, which indicates that more light is scattered with the 
nanofibers incorporated in the network. In contrast, the specular reflection exhibits no change. 
Therefore, the nanofibers do not contribute significantly to the specular reflection, which is 
primarily caused by the FTO substrate and TiO2 nanoparticle network. Figure 3.18d shows the 
diffuse transmission and reflection of the dyed networks. In comparison with the NP-only 
network, both NP-NF composites show enhanced forward scattering at longer wavelengths 
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above 550 nm, which in part accounts for the reduction in specular transmission. The optical 
path length through the dyed network is always increased for any forward scattered light, which 
results in greater absorption by the dye. The forward scattered light is not detected below 550 nm 
as it is already sufficiently absorbed. On the other hand, backscattering of light can either 
increase or decrease the optical path length through the dyed network depending on the position 
of the scattering centers. In comparison with the NP-only network, both NP-NF composites show 
enhanced backscattering at longer wavelengths above 550 nm. However, the NP-NF(front) 
network exhibits significant backscattering at shorter wavelengths. This results in losses in the 
total absorption, as wavelengths below 550 nm would otherwise be sufficiently absorbed. The 
NP-NF(middle) network shows no such losses, as the backscattered light still traverses half the 
thickness of the nanoparticle network. In this NP-NF(middle) geometry, the absorption of longer 
wavelength backscattered light must also improve relative to the NP-only network, as the optical 
path length is necessarily equal to or greater than that of specular transmission through the full 
thickness of the network. 
Figure 3.19 compares the current-voltage characteristics for DSCs with the nanoparticle-
only electrode and the NP-NF composite electrodes shown in Figure 3.17. To extract the DSC 
parameters, the J–V curves were fitted with the standard equation for a solar cell given by 
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where JL is the photogenerated current density, J0 the saturation current density, q the elementary 
charge, a the diode ideality factor, kB the Boltzmann's constant, T the temperature, Rs the specific 
series resistance and Rsh the specific shunt resistance. The J–V curves were fitted by adjusting the 
parameters for a best fit on both a linear and semi-logarithmic scale to reveal relevant features 
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corresponding to each of the parameters, where the fitting process is described in Figure A.1 of 
the Appendix. As shown in Figure 3.19b, incorporation of nanofibers at the front of the electrode 
led to a reduction in efficiency, whereas nanofibers at middle of the electrode increased the 
efficiency relative to the NP-only device. The changes in efficiency appear to be most directly 
related to the differences in the short-circuit photocurrent, which followed the same trend. As 
discussed previously, with the fiber-pore structures at the front of the electrode, some of the 
incident light is backscattered and exits the device before it can be absorbed by the dyed 
nanoparticle layer. The backscattered light from fiber-pore structures at the middle of the 
electrode, however, still passes through around half of the nanoparticle network thickness and 
has a higher probability for absorption leading to the higher short-circuit photocurrent by 6%. 
Figure 3.19c indicates that the series resistance increases slightly for both NP-NF composites. In 
the current composite design, the fibers are oriented laterally to the front-side FTO and therefore 
should not enhance charge transport. However, the incorporation of dense nanofibers within the 
porous network could inhibit the diffusion of triiodide through the electrode and to the back 
contact. Alternatively, pores in the nanoparticle network could inhibit the transport of electrons. 
Overall, the variation in the series resistance is relatively small for all three structures. On the 
other hand, there is a significant increase in the shunt resistance in the NP-NF (middle) electrode. 
The shunt resistance, which has a greater contribution to the J–V characteristics near Jsc, suggests 
that this structure reduces the recombination of electrons in the TiO2 with the electrolyte. We 
suspect that this is related to the electron distribution in the electrode at short-circuit. 
Backscattering of the light from the nanofibers in the middle of the electrode can lead to greater 
absorption and electron injection near the front of the electrode. A greater concentration gradient 
of electrons near the font contact would increase electron collection and suppress recombination. 
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Figure 3.19d indicates that ideality factor is not dependent on the structure of the NP-NF 
electrode. A loss in ideality is related to an increase in recombination current via trap states. An 
increase in surface states could occur in the electrode due to the increase in surface area with the 
addition of the nanofibers. To determine the added surface area of the nanofibers in a typical 
0.49 cm2 electrode, the mass of the deposited nanofibers was measured and, using the bulk 
density of anatase phase of 3.89 g/cm3, converted to surface area based on the average diameters 
of the nanofibers. In comparison with the nanoparticle electrode surface areas, measured in 
Chapter 4.2, the increase in total surface areas in the composites with the inclusion of 60-160 nm 
nanofibers was only 0.2-0.06%. Therefore the added surface area due to the nanofibers was 
almost negligible which agrees with the lack of change in the ideality factor. However, there is a 
significant reduction in the saturation current density for the NP-NF (middle) DSC. As the 
saturation current is related to the onset for recombination current, this indicates that the NP-NF 
(middle) structure is suppressing the recombination current for a given potential in the forward 
bias, which results in a greater open-circuit voltage. The source of this effect, however, remains 
to be investigated. Overall, the fiber-pore structures incorporated at the middle of the electrode 
create sufficient forward- and backscattering of light to improve the efficiency by 10% relative to 
the nanoparticle-only DSC. 
 
3.6 Summary 
In this chapter, TiO2 nanofibers were generated by electrospinning a sol-gel solution 
containing a titanium precursor and PVP followed by calcination. The nanofibers were 
polycrystalline anatase phase, and the grain size was controllable by the annealing time which 
was well-described by a sintering-like crystallization model, having a kinetic grain growth 
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exponent of 5.6 ± 0.6. Composite networks of TiO2 nanofibers and nanoparticles were generated 
by electrohydrodynamic patterning of a nanoparticle paste into the nanofiber networks, which 
prevented the lateral shrinking and delamination of the nanofiber networks. The nanofibers were 
found to remain continuous and unbroken throughout the network despite significant volume loss 
during calcination. Calcination of the composites led to the formation of fiber-pore structures 
caused by the burnout of PVP, and the diameters of both fibers and pores were linear with the 
content of PVP in the electrospinning solution. The initial water content in the electrospinning 
solution affected the density of the fiber nanostructure which determined the capability to form 
the fiber-pore structures. The transformation to the fiber-pore structure led to a significant 
enhancement in light scattering by at least 50% at 550 nm, which was attributed to an increase in 
the scattering cross-section upon formation of a high refractive index mismatch at the fiber-pore 
interface. However, comparison to equivalent pore-only and fiber-only composites was 
unsuccessful due to incompatibilities of the initial nanofibers with the nanoparticle paste. Dye-
sensitized solar cells were fabricated which had nanoparticle-only and nanoparticle-nanofiber 
composite electrodes, where the nanofibers were incorporated at the front or at the middle of the 
electrodes. The J–V characteristics of the DSCs showed that the location of the light-scattering 
nanofibers in the electrode controlled the short-circuit photocurrent by affecting the absorption of 
light. Fiber-pore structures at the front of the electrode caused too much backscattering of light 
out of the device prior to absorption. Fiber-pore structures incorporated in the middle of the 
electrode improved the short-circuit photocurrent by 6% due to increased absorption of the 
forward and backscattered light. The structure also increased the shunt resistance and had a 
lower saturation current density, resulting in an overall efficiency improvement by 10% relative 
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to the nanoparticle-only DSC. The well-established control of these NP-NF composite structures 
presents high potential for application in DSCs and other electronic and optoelectronic devices. 
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3.7 Figures  
  
 
 
 
 
  
 
Figure 3.1. (a) Magnified optical image of the nozzle during the electrospinning process using a 
a 1:2:7 vol% TiP:acetic acid:ethanol solution containing 0.3 mg/mL PVP at an electric field 
strength of 1 kV/cm. A steady-state jet of fluid having a diameter of 20 µm is emitted from a 
Taylor cone at the edge of the nozzle. (b) Fabrication of the TiO2 nanoparticle-nanofiber network 
by (1) deposition of the TiO2 and PVP nanofiber network, (2) electrohydrodynamic patterning of 
a TiO2 nanoparticle paste into the nanofiber network, and (3) removal of solvent and burnout of 
polymer from the nanoparticle-nanofiber network. 
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Figure 3.2. (a) SEM images of the TiO2/PVP composite nanofibers as-deposited at 25 °C from a 
1:2:7 vol% TiP:acetic acid:ethanol solution containing 0.3 mg/mL PVP at an electric field 
strength of 1 kV/cm. (b) SEM images of the sample showing TiO2 nanofibers after burnout of 
PVP and calcination in air at 500 °C for 1 h. 
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Figure 3.3. (a) TEM image of a polycrystalline TiO2 nanofiber after calcination at 500 °C for 1 h. 
(b) High magnification image of the edge of the fiber showing nanometer-sized grains. 
 
 
 
 
Figure 3.4. XRD spectra of the as-deposited TiO2/PVP nanofibers and the TiO2 nanofibers, 
calcined at 500 °C for 1 h, on soda-lime glass substrates. The reference peak positions are shown 
below the spectra (Anatase JCPDS card No. 21-1272, rutile JCPDS card No. 21-1276). 
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Figure 3.5. (a) XRD spectra of the primary anatase (101) and rutile (110) peaks with annealing 
time at 500 °C. The apparent peak shift in some of the spectra is within the range of the 
instrumental error. (b) Crystallite sizes obtained from the peak fitting of the anatase (101) and 
rutile (110) peaks and the Scherrer formula given as Equation 3.3. The effect of the slight peak 
shifts in Figure 3.5a on the crystallite size was within the fitting software output resolution of 0.1 
nm. The crystallite sizes for the anatase phase are fitted by an isothermal grain growth 
relationship given as Equation 3.4. 
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Figure 3.6. (a) Cross-section SEM image of a TiO2 nanoparticle-nanofiber composite network. 
(b) Magnified view of a characteristic fiber-pore structure. 
 
 
 
 
 
  
 
Figure 3.7. (a) Cross-section SEM image of a TiO2 NP-NF network resulting from patterning of 
the nanoparticle paste onto a precursor/PVP nanofiber network, without hydrolysis. (b) Top view 
SEM image of a TiO2 NP-NF network resulting from nanofibers which were directly deposited 
onto the already-printed nanoparticle paste. A crack in the surface reveals a dense TiO2 film 
coating the surface of the nanoparticle network. 
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Figure 3.8. (a) SEM image of a typical TiO2 nanofiber in the NP-NF composite without vacuum 
heating of the PVP to remove absorbed water prior to preparing the electrospinning solution. (b) 
SEM image of a typical TiO2 nanofiber in the NP-NF composite with vacuum heating of the 
PVP. 
 
 
 
  
 
Figure 3.9. (a) Cross-section SEM image of a fiber-pore structure in the NP-NF composite 
without vacuum heating of the PVP to remove absorbed water prior to preparing the 
electrospinning solution. (b) Cross-section SEM image of a fiber-pore structure in the NP-NF 
composite with vacuum heating of the PVP. 
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Figure 3.10. (a) Cross-section SEM image of nanofiber within the nanoparticle network after 
drying at 60 °C for 1 h. (b) SEM image of a TiO2 nanofiber-nanopore structure after calcination 
at 500 °C for 1 h. (c) Proposed mechanism of fiber-pore formation during calcination, wherein 
the burnout of the polymer binder leads to a volume shrinkage of the nanofiber. 
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Figure 3.11. (a) SEM images of the TiO2 nanofibers with PVP concentration in the 
electrospinning solution. The scale bar shows 500 nm and all images were obtained at the same 
magnification. (b) Average diameters and standard deviations for nanofibers and pores with PVP 
content. The equations are shown for the linear fits to the diameters. 
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Figure 3.12. Photograph of the NP-only and NP-NF composite samples after (a) drying at 60 °C 
for 1 h, and (b) calcining at 500 °C for 1 h. (c) Absorbance spectra for NP-only and NP-NF 
composite networks after drying and calcining. (d) Total light scattering, i.e. the sum of the 
diffuse transmission and diffuse reflection, for NP-only and NP-NF composite networks after 
drying and calcining. The inset shows the ratio of light scattering between dried and calcined 
networks. 
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Figure 3.13. Cross-section illustration of characteristic light-scattering structures which occupy 
an equivalent volume in the TiO2 network. (a) Dense nanofiber-nanopores. (b) Dense nanofibers 
only. (c) Nanopores only. 
 
 
 
 
 
  
 
Figure 3.14. (a) Top view SEM image of the dense TiO2 nanofiber network. The patterning of a 
sacrificial ethyl cellulose scaffold prevented lateral shrinking and delamination of the nanofibers 
during PVP burnout. (b) Cross-section SEM image of the nanopore-only composite. No pores 
were visible in the structure, indicating that the PVP fibers dissolved in the nanoparticle paste. 
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Figure 3.15. Processing sequence in the fabrication of fiber-pore (left) and fiber-only (right) 
composites. To generate the fiber-only composite, (1) TiO2/PVP nanofibers are deposited onto 
the FTO substrate upon which a sacrificial ethyl cellulose scaffold is printed, (2) the PVP and 
ethyl cellulose are burned out at 480 °C for 15 min. to generate a network of only dense TiO2 
nanofibers, (3) TiO2 nanoparticle paste is printed into the fiber-only network and dried at 60 °C 
for 1 h, and (4) the composite is calcined at 500 °C for 1 h. 
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Figure 3.16. (a) Cross-section SEM image of a dense TiO2 nanofiber which lacks a surrounding 
pore in the nanoparticle network. (b) Cross-section SEM image of the fiber-only composite at the 
FTO interface, showing the presence of pores due to the poor infilling of the nanoparticle 
network into the nanofiber network. 
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Figure 3.17. Schematic and cross-section SEM images of the NP-NF composites where (a) the 
nanofibers are deposited near the front of the electrode, and (b) the nanofibers are deposited in 
the middle of the electrode. 
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Figure 3.18. UV-Vis spectra of the NP-only, NP-NF(front) and NP-NF(middle) networks 
showing the absorption (A), transmission (T) and reflection (R). (a) Bare TiO2 networks. (b) 
N719-dyed networks, where the transmission and reflection include both the specular and diffuse 
components. (c) Specular transmission and reflection of the N719-dyed networks. (d) Diffuse 
transmission and reflection of the N719-dyed networks. 
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Figure 3.19. (a) J–V characteristics at 0.86 sun, (b) short-circuit photocurrent and efficiency, (c) 
specific series and shunt resistances, and (d) ideality factor and saturation current for DSCs 
incorporating NP-only, NP-NF (front), and NP-NF (middle) electrodes. 
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CHAPTER 4 
SURFACE TREATMENT OF THE TiO2  
ELECTRODES 
 
Chemical bath deposition has found use in the deposition of photovoltaic materials because it is a 
relatively inexpensive and simple process which is convenient for large-area deposition. It does 
not require vacuum systems or other expensive equipment and many of the precursors involved 
are low-cost and readily available [125-129]. Chemical bath treatment of the TiO2 nanoparticle 
network electrodes with titanium(IV) chloride (TiCl4) has been shown to significantly improve 
DSC photocurrent and overall efficiency [91, 92]. Despite numerous studies that have been 
performed to investigate the treatment as detailed in Chapter 1.5, there is still no consensus on 
the exact source and nature of the improvement [6]. In this chapter, we prepared a more stable 
formulation based upon sol-gel processing of TiP for treatment of TiO2 nanoparticle networks, 
and performed a systematic study of the impact of the surface treatment to examine the 
mechanisms which contribute to enhancement in DSC performance. The morphology of the 
electrodes treated with TiP is examined, including the mass increase, porosity, nanoparticle 
diameter, and surface area as a function of TiP concentration. The surface and bulk chemistry 
before and after treatment are characterized. The influence of the treatment on the current–
voltage (J–V) characteristics and incident photon-to-electron conversion efficiency (IPCE) of the 
DSC is investigated and related to measured changes in the dye loading and electron transport 
time and lifetime. The DSC performance using a comparable TiCl4 treatment is also evaluated. 
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4.1 TiP Treatment by Chemical Bath Deposition  
To fabricate the TiO2 nanoparticle networks, commercial anatase phase TiO2 nanoparticle paste 
(HT/SP, Solaronix) was diluted to a solution containing 25 wt% α-terpineol added. The solution 
was deposited onto fluorine-doped SnO2 (FTO) (TEC-15, Pilkington) conducting glass using an 
electrohydrodynamic patterning process to generate a 0.49 cm2 network area [130]. As discussed 
in Chapter 2, this technique enabled uniform and maskless deposition of the paste to well-
controllable thicknesses, and is based upon flow-limited field-injection electrostatic spraying 
(FFESS) technology [67]. The nanoparticle networks were then heated in air to 480 °C for 15 
min to remove the solvents and polymer, followed by rinsing with DI water and ethanol. Using 
profilometry, the network thicknesses were measured to be 12 µm, with a thickness variation of 
~1% standard deviation along 4 mm lengths across the network. 
Treatment solutions were prepared at 25 °C using TiP (97%, Aldrich) concentrations of 
0.25–4 mM. Briefly, a 1:1:1 volume ratio solution of TiP:acetic acid:ethanol was prepared by 
vigorous stirring. Appropriate concentrations of this stock solution were added to a mixture of 
HCl in DI, which was adjusted to a concentration of 0.16 M HCl, followed by vortexing for 30 
sec. HCl has been proposed to increase photocurrent by improving dye adsorption and inhibiting 
recombination via a positive shift in the TiO2 conduction band through protonation of the 
network [131, 132], and possibly through the removal of impurities which can quench the 
photocurrent [98]. The TiO2 nanoparticle network samples were immersed in the treatment 
solutions, with stirring, and heated to 70 °C for 30 min. The samples were then immediately 
removed, rinsed with DI water and ethanol, and dried slowly under nitrogen to avoid cracking. 
The TiP solutions treated with acetic acid remained stable for at least 24 h at room temperature, 
but underwent sol-gel reaction upon heating to 70 °C for 30 min, demonstrating good 
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characteristics as a practical alternative treatment process to the TiCl4 treatment. For comparison, 
a 22.5 mM TiCl4 in DI water was prepared at 0 °C according to literature procedures [93]. For 
this treatment, the TiO2 nanoparticle network samples were immersed in the TiCl4 solution 
within a sealed bottle without stirring and heated at 70 °C for 30 min, followed by the same 
rinsing procedure used for the TiP process. All TiO2 nanoparticle networks were then sintered in 
air at 500 °C for 1 h. High magnification images of the nanoparticle networks were obtained by 
scanning electron microscopy (SEM). The average crystallite size of the samples was 
characterized by X-ray diffraction (XRD). The surface chemistry of the networks was measured 
by X-ray photoelectron spectroscopy (XPS) using a Physical Electronics PHI 5400 equipped 
with a magnesium K-alpha source, and the bulk chemistry was characterized by energy 
dispersive spectroscopy (EDS). 
 
4.2 Morphological Characterization  
Figure 4.1 shows SEM images of the network morphology without treatment, as-treated using a 
4 mM TiP concentration, and after annealing at 500 °C for 1 h. The nanoparticles prior to 
treatment in Figure 4.1a have diameters of 10–20 nm. In the as-treated sample, the magnified 
image in Figure 4.1b shows the appearance of surface roughness caused by nanometer-sized 
particles on the surface of the network, which has been observed in previous studies [95, 98, 101, 
102]. It was suspected that these nanometer-sized particles are formed in solution and deposited 
on the outer surface of the nanoparticle networks [98]. After annealing and sintering, these 
particles are no longer visible, suggesting that they coalesce into surrounding nanoparticle 
scaffold. No other morphological changes in the nanoparticle diameter or porosity between the 
untreated and treated samples were discernible by SEM. 
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 The mass difference between the samples before and after the treatment exhibited a linear 
increase with the solution concentration as seen in Figure 4.2a. According to this, the mass 
increase which resulted from the treatment by the 22.5 mM TiCl4 solution, i.e. 30.3 %, was 
equivalent to that of a 3.9 mM TiP treatment. This indicates that the in situ TiO2 generation was 
well-controlled with the TiP precursor stabilized by the acetate group, and that the stirring of the 
solution during the deposition process could have contributed to the higher deposition efficiency 
compared to the TiCl4 treatment. The porosity in Figure 4.2a was calculated from the ratio of the 
density of the networks to that of the bulk density of 3.89 g/cm3 for anatase phase TiO2. The 
dimensions of the network remained constant after treatment, causing the absolute porosity to 
drop by 9% for the 4 mM TiP concentration due to the infilling of TiO2 during the treatment. 
XRD characterization of the networks confirmed that the nanoparticles are anatase phase with no 
formation of rutile phase caused by the treatment or subsequent sintering, as shown in Figure 4.3. 
To determine the effect of the treatment on the nanoparticle diameter from the peak broadening, 
the peaks were fitted by a pseudo-Voigt function using Rigaku Jade analysis software. The 
resulting nanoparticle diameters as a function of treatment concentration were determined from 
the Scherrer formula, given as Equation 3.2, and are shown in Figure 4.2b. The effect of the 
slight peak shifts in Figure 4.3 on the crystallite size was within the fitting software output 
resolution of 0.1 nm. The average nanoparticle diameter exhibited a measurable increase with the 
treatment concentration even prior to annealing. Because the XRD peak profiles identify the 
average crystallite size, without contribution from the amorphous phase, this indicates that some 
of the TiO2 is epitaxially deposited on the nanoparticle network during the treatment. A further 
increase in nanoparticle diameter was measured after sintering, which can be attributed to grain 
growth as well as coalescence of the nanometer-sized particles into the nanoparticle network. To 
 82 
 
confirm the magnitude of the size increase, the trend in nanoparticle diameter measured by XRD 
was compared to the expected trend from the mass increase by assuming that the added TiO2 
uniformly coats the nanoparticles. The mass increase cannot indicate the initial nanoparticle 
diameter, so the trend was fitted to the sintered nanoparticle diameters by least-squares method. 
As shown in Figure 4.2, the expected increase in nanoparticle diameter agrees well with the 
measured increase by XRD, showing that the TiO2 deposited into the network contributes to 
growth of the existing anatase phase nanoparticles. 
 To quantify the N719 dye loading in the network, the absorbance spectra of the dye after 
complete desorption into solution, as shown in Figure 4.4a, were compared to a solution 
containing a known concentration of dye. The absorbance is linearly related to the concentration 
of dye in solution, so that the ratio of the absorbance maxima around 515 nm can be used to 
compute the dye loading. The resulting N719 dye loadings with TiP treatment concentration are 
shown in Figure 4.4b. The results indicate that the treatment has a significant influence on the 
dye loading in the TiO2 network. This could be related to an increase in the surface area of the 
TiO2 network due to changes in the morphology. The TiO2 nanoparticle networks examined in 
this study had insufficient mass for accurate measurement of the surface area by the conventional 
Brunauer−Emmett−Teller (BET) method. Instead, the surface areas were calculated from the 
XRD nanoparticle diameters after sintering (Figure 4.2b) and the network masses, using a 
spherical particle approximation, as presented in Figure 4.4b. There is a good correlation 
between the calculated surface area and the dye loading. For the 4 mM TiP treatment, the dye 
loading increases by 19% and the surface area appears to increase by 20%, which indicates that 
the increase in dye loading is dependent solely on the surface area of the networks. Although 
estimation of the surface area from the XRD nanoparticle diameter does not account for the 
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effect of interparticle necking, which could reduce the actual surface area, comparable increases 
in surface area have been seen in previous studies using BET measurement of TiCl4 treated 
electrodes [93, 94, 97]. 
 
4.3 Surface and Bulk Chemistry  
Both the dye bonding and TiO2 energy levels could be affected by changes in the surface or bulk 
chemistry of the treated TiO2 network. Figure 4.5a shows the XPS spectra of the oxygen 1s and 
titanium 2p peaks for untreated and 4 mM TiP treated electrodes after sintering. Analysis of the 
peaks was performed using CasaXPS software, and the peaks were aligned using the Ti 2p3/2 of 
the control sample. The O 1s peak of TiO2 nanoparticles can consist of the convolution of 
multiple peaks, where the primary contributions generally arise from bulk oxide (O2-) and 
surface hydroxyl (OH) species [133-135]. The peak fitting was performed using a linear 
combination of a Gaussian and a Lorentzian function, with a mixing ratio of 0.25 for the 
Lorentzian contribution. In addition, based upon prior studies in which the full width at half-
maximum (FWHM) of the OH peak was measured to be close to that of the O2- peak [133, 134], 
the FWHM in this work was constrained to a maximum value of 1.50 eV. As seen in Figure 4.5a, 
the envelope of the two constituent peaks results in a good fit to the O 1s spectra. The parameters 
from the fitting are summarized in Table 4.1. The binding energies for O2- and OH are in good 
agreement with literature values [133]. The ratio of oxygen to titanium was determined from the 
peak areas and the relative sensitivity factors of 1.8 and 0.66 for titanium and oxygen, 
respectively [135]. When comparing the signal for both the OH to O2- as well as the oxygen to 
titanium ratio, it is apparent that there is no significant change in either the surface hydroxyl 
content or the stoichiometry of the nanoparticle networks after treatment, even with the 
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significant amount of TiO2 added to the networks. No additional surface impurities were detected 
in the full XPS survey spectrum shown in Figure 4.6. 
 Figure 4.5b compares the corresponding EDS spectra for the untreated and 4 mM TiP 
treated nanoparticle networks. Besides the expected signals from TiO2, there is a small peak 
identified with silicon. This can be attributed to the underlying silicon dioxide of the glass 
substrate which can generate characteristic X-ray emission during the measurement. There were 
no additional sources of silicon in the treatment process. The EDS spectra do not exhibit any 
prevalent impurities in the bulk of the nanoparticle network as a result of the treatment process. 
Together, the results of the XPS and EDS characterization show no apparent effect of the 
treatment process on either the surface or bulk chemistry of the TiO2 electrodes. In particular, we 
see no evidence of additional protonation of the TiO2 network which could result from 
adsorption of H+ ions from the HCl present in the treatment solutions, which has been detected 
as OH and chlorine in the XPS spectra [132]. This is unlikely to occur in our treatment, as the 
electrodes are thoroughly rinsed with DI water after treatment, and also undergo a subsequent 
sintering at 500 °C, both of which remove residual HCl. We suspect then that with no change in 
chemistry of the added TiO2, there should be no direct impact of the treatment on the bonding 
affinity of the sensitizer or the surface potential of the TiO2 which could affect electron injection 
or recombination.  
 
4.4 Optical Properties  
The UV-Vis spectra were measured for the as-treated and sintered TiO2 nanoparticle networks 
without N719 dye in the range of 300-1100 nm. Because the spectrophotometer (Varian Cary 
5G) was not equipped with an integrating sphere, the measured absorption coefficient included 
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some losses due to diffuse scattering of light. For this reason, henceforth we refer to the 
absorption coefficient as an effective absorption coefficient, α', which includes scattering losses. 
By plotting the absorption coefficients α'(E)2 for the direct band gap and α'(E)1/2 for the indirect 
band gap, and taking the linear fits extrapolated to the x-axis, we determine the band gap 
energies as shown in Figure 4.7. The direct band gap was measured to be ~3.4 eV and the 
indirect band gap was measured to be ~3.2 eV, which are close to the bulk values and agree well 
with the literature [2, 136, 137]. Although the nanoparticles have diameters of 10-20 nm, the 
quantum size effect in TiO2 nanoparticles is only significant at diameters less than ~5 nm [138, 
139], based on recent reports of the electron and hole effective masses [140] and the dielectric 
constant of TiO2 [14]. 
Figure 4.8 presents the UV-Vis spectra as the effective absorption coefficient versus the 
excitation energy for the as-treated and sintered samples. Since the nanoparticles, having 
diameters of 10-20 nm, are much smaller than wavelength of light, the characteristic size 
parameter α = 2pir/λ << 1 satisfies the criteria for Rayleigh scattering. Therefore, we first 
consider the contributions of Rayleigh scattering and electronic absorption to the measured 
effective absorption coefficient. The relationship between scattering intensity and incident light 
intensity at some position rv  from N light-scattering particles is given by 
 ( )θλpi 2
462
2
2
2
4
0
S cos11
22
18
+











+
−
=
d
m
m
r
N
I
I
 
 
( )θpi 2466
2
2
2
2
4
cos1
1024.122
18
+





×






+
−
=
−
Ed
m
m
r
N
 (4.1) 
 86 
 
where IS is the scattering intensity, I0 the incident intensity, m the refractive index, d the 
nanoparticle diameter, λ the excitation wavelength, and E the excitation energy in eV [141]. The 
scattering cross section, σs, obtained by the surface integral, can be written as 
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where C1 is a constant. Note that this assumes that the particles scatter independently. In a 
network of particles with an appreciable volume fraction of scatterers, independent scattering is 
not valid with increasing interaction of the induced dipoles in the particles, causing the film to 
appear closer to a homogeneous medium. This requires additional description of the effective 
permittivity of the film from an effective medium approximation, as well as a pair distribution 
function to describe the average positions since the particles are correlated in space. These 
effects contribute the scattering cross section in the constant C1 in Equation 4.2, but the 
dependences on particle diameter and excitation energy remain [142]. Electronic absorption also 
contributes to the loss in incident intensity, so the loss in intensity through a slab according to 
Beer's law, including light scattering and absorption, is given by 
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where Il is the intensity lost to scattering and absorption, Nv the volume density of particles, 
2TiOα  the absorption coefficient of the TiO2, and h the effective thickness of the sample. The 
effective thickness refers to the equivalent material thickness which is contributing to electronic 
absorption by the TiO2 when taking into account the porosity. Because the nanoporous networks 
are around 55-65% porous but are treated as a homogeneous film during the UV-Vis 
measurement, determining 
2TiOα  from extracted absorption coefficient requires the proper 
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relationship with porosity from an effective medium approximation. Many effective medium 
approximations exist to describe the index of refraction of non-absorbing films. One of these, the 
Volume Averaging Theory (VAT), has recently been modified to additionally describe the 
relationship of the effective absorption coefficient with porosity, in which both the model and 
computation using finite element methods revealed an approximately linear relationship between 
the effective absorption coefficient and the volume fraction of the absorbing material [143, 144]. 
Therefore the effective thickness can be related to the measured sample thickness, l, by h = (1–
P)l, where P is the porosity. This can also be expressed in terms of the nanoparticle diameter as 
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The effective absorbance, A', can then be related to the total of both losses given by 
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where the volume density of particles is incorporated as a constant. The logarithm of the 
effective absorption coefficient, α', including scattering and electronic absorption is therefore 
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where l is the measured thickness of the nanoparticle network. In the limit where Rayleigh 
scattering from the nanoparticle network is small, this simply reduces to 
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We see that for a small ratio of loss due to Rayleigh scattering, the increasing diameter of the 
nanoparticles leads to an upward shift in the logarithm of the effective absorption coefficient that 
is independent of the energy. Therefore, the slope of the effective absorption coefficient with 
energy given by 
 ( )
2TiOln
)'ln(
α
α
≈
∂
∂
E
 (4.8) 
is independent of diameter and is dependent on the electronic density of states of the TiO2.  
Figure 4.8 shows the logarithm of the effective absorption coefficient with energy. There 
are some oscillations in the absorption coefficient in the region around 1.5-2.5 eV as a result of 
interference. For the entire energy range below 3.4 eV, there is a roughly constant increase in 
ln(α') with treatment concentration, as predicted by Equation 4.7 for increasing diameter of the 
nanoparticles. As the energy increases in the range of 2.7-3.2 eV the slope of ln(α') becomes 
linear. The characteristic linear region could be caused by an exponential distribution of states 
near the band edge and extending into the band gap. One possibility is that this feature is an 
Urbach tail, where the absorption coefficient follows the form of 
 




 −
−=
Tk
EEE
B
0
0TiO exp)(2 σαα  (4.9) 
where 
σ
TkB
 is the Urbach energy and α0 and E0 are constants [145]. Urbach tails are an 
indication of absorption and emission from excitons, and have been characterized in anatase 
TiO2 in both single crystalline [136, 137, 146] and nanoparticle [147] form. In the case of 
anatase phase TiO2, excitons become self-trapped through coupling with phonons, leading to 
large Urbach energies, approximately 40 meV at room temperature for single crystalline anatase 
[136, 148]. A study of anatase TiO2 nanoparticle networks found that the characteristic Urbach 
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energy is greater than that of anatase single crystals, around 0.1 eV, and the networks exhibit an 
additional defect tail extending deep into the band gap and having larger characteristic energies 
of around 0.3 eV at room temperature  [147]. 
 The characteristic energies with TiP treatment concentration were calculated from the 
slopes of the linear regions for 2.90-3.10 eV for both as-treated and sintered samples, and are 
plotted in Figure 4.9. The measured energies are large compared to single crystal anatase, on the 
order of 0.50 eV, and we therefore attribute the absorption to a defect tail. A study of electron 
transport in porous TiO2 detected defect levels which can extend 0.5-0.6 eV below the 
conduction band edge [149]. These could be attributed to the exponential distribution of trap 
states following Equation 1.12. For the as-treated samples, the energy increases by as much as 
~34 meV for the 4 mM TiP treatment concentration. As discussed previously, the deposition of 
TiO2 during the treatment process introduces nanometer-sized TiO2 particles which decorate the 
nanoparticle network. The increased roughness leads to additional surface states which can 
create additional defect levels in the band gap. Because transport of electrons through the 
nanoparticle network in DSCs occurs by a hopping mechanism from surface states which lie 
below the TiO2 conduction band edge, an increase in the quantity of surface states would be 
detrimental to charge collection. Sintering the networks, however, reduces the defect tail energy 
for all treated samples back to that of the untreated sample, leaving no measurable increase in the 
defect tail energy caused by the treatment. This is consistent with the observation that the 
nanometer-sized particles deposited by the treatment coalesce into the surrounding nanoparticle 
network upon sintering, and suggests that the treatment will not be detrimental to electron 
transport after sintering. 
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The additional linear region in the absorption spectra seen at 3.4-3.6 eV exhibits a steeper 
slope which could be an Urbach tail as described earlier. In addition to defect levels within the 
band gap, the increased roughness caused by the treatment can lead to lattice disorder in the form 
of strained or dangling bonds, which can lead to an additional non-thermal component to the 
Urbach tail in the form of frozen-in phonons, which has been observed in highly disordered 
materials including amorphous silicon and tin oxide, in which the Urbach energy increases with 
structural disorder [150-152]. A similar disorder dependence could be occurring in this region 
with increasing treatment concentration. Nevertheless, the energy levels lying above the TiO2 
conduction band do not contribute to electron transport in a DSC and are therefore of little 
consequence in device operation. 
This analysis of the effective absorption coefficient with energy relied on the assumption 
that light-scattering from these films is smaller than the absorption. To investigate the magnitude 
of light scattering and absorption, a TiO2 nanoparticle network was measured using a Cary 5000 
UV-Vis spectrophotometer equipped with an external diffuse reflectance accessory (DRA-2500), 
which was capable of measuring both the specular and diffuse components for both transmission 
and reflection so that the electronic absorption could be determined. In this system, the diffuse 
signal in the measurement was defined as 8° beyond normal to the sample surface. Figure 4.10 
shows the resulting UV-Vis spectra for the TiO2 on a soda-lime glass substrate and the substrate 
alone. The resulting absorption after summing both the specular and diffuse transmission and 
reflection is only ~3% below the band gap. The losses due to the diffuse scattering, which are 
approximately equal for both forward and backscattering, in agreement with Rayleigh scattering, 
account for up to a ~20-30% drop in the collected signal for the absorption and therefore have a 
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substantial contribution to the behavior of the effective absorption coefficient. According to 
Equation 4.6, a large amount of scattering leads to a behavior following 
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so that the slope of the effective absorption coefficient has an additional energy dependence 
caused by Rayleigh scattering which is given by 
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 Because of this, the magnitude of the characteristic energies in Figure 4.9 will be less than the 
true values for the defect tail. However, the phenomenological trend of the increasing energy 
with surface roughness, which is recovered upon sintering, should remain valid even with this 
contribution from light scattering. Further study is necessary to fully account for the contribution 
of light scattering in all treated networks in order to determine accurate quantitative values of the 
characteristic energies. 
 
4.5 Dye-Sensitized Solar Cell Performance  
To fabricate dye-sensitized solar cells, a dense 100 nm TiO2 underlayer was deposited on the 
FTO by spray pyrolysis prior to the TiO2 nanoparticle network, following literature procedures 
[153]. The TiO2 nanoparticle network electrodes were immersed in a 0.5 mM solution of N719 
dye (Solaronix SA) in a 1:1 volume mixture of acetonitrile:tert-butanol for 24 h and then rinsed 
with ethanol. Counter electrodes were prepared by electrohydrodynamic patterning of a 
hexachloroplatinic acid-based paste onto FTO substrate, followed by heating at 450 °C for 1 h. 
The TiO2 and platinum electrodes were sandwiched using 60 µm thick Surlyn foil with 50 µm 
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thick Kapton tape spacers, clamped, and sealed at 110 °C for 1 min. A liquid electrolyte 
consisting of 0.5 M 1-butyl-3-methylimidazolium iodide, 0.05 M I2, 0.5 M 4-tert-butylpyridine 
and 0.1 M guanidinium thiocyanate in acetonitrile was injected through pre-drilled filling holes 
which were then sealed with Surlyn and microscope cover glass. The J–V characteristics of 
DSCs were measured under 0.79 sun illumination using an Oriel 91192-1000 W solar simulator 
with an AM 1.5D filter and a Keithley 2400 source meter. The IPCE was characterized using an 
Optronic Laboratories OL 750 spectroradiometer, with a bias light intensity of 0.21 sun, 
calibrated to the solar simulator using a DSC, and measured using a chopper frequency of 349 
Hz. The absorbance spectra of the dyed electrodes and desorbed dye were measured by a Varian 
Cary 5G UV–visible spectrophotometer. The surface concentration of dye in the electrodes was 
determined by comparing the absorbance spectra to a sample of known concentration, following 
literature procedures [77]. 
Figure 4.11 compares the J–V characteristics of the DSCs treated with TiP treatment 
solutions of different concentrations. A clear relationship exists between the short-circuit 
photocurrent, Jsc, and TiP concentration. To extract the DSC parameters, the J–V curves were 
fitted with a standard solar cell equation given as Equation 3.6, where the fitting process is 
described in Figure A.1 of the Appendix. As shown in Figure 4.11b, the short-circuit 
photocurrent increases linearly with treatment concentration, yielding a 30% increase for the 4 
mM TiP treatment, while the efficiency approaches a maximum, increasing by 23% compared to 
the untreated DSC. Treatment concentrations above 4 mM caused cracking of the electrode 
which prevented further investigation of this trend. The reason that the efficiency does not follow 
the same trend as Jsc is apparent from the J–V curves, in which the onset for recombination 
current appears to shift to a lower potential as the treatment concentration increases. Figure 4.11c 
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indicates that both the series and shunt resistances of the DSCs increase with treatment 
concentration. The series resistance, which has a greater contribution to the J–V characteristics in 
the forward bias near the open-circuit voltage, Voc, could be attributed to the reduction in 
porosity of the nanoparticle network as shown in Figure 4.2a, as this can inhibit the diffusion of 
triiodide through the electrode and to the back contact. The increase in shunt resistance, which 
has a greater contribution to the J–V characteristics near Jsc, suggests that the treatment 
suppresses recombination of electrons in the TiO2 with the electrolyte. Figure 4.11d shows that 
both the ideality factor and the saturation current, J0, increase with treatment concentration. As 
both of these parameters are related to the onset for recombination current, they indicate that the 
treatment enhances recombination current for a given potential in the forward bias. However, the 
greater short circuit photocurrent of the DSCs after TiP treatment results in no significant loss in 
the open-circuit voltage. The performance of the TiP treated cells exceeded that of the 
conventional 22.5 mM TiCl4, which did not follow the expected trend based on the equivalent 
mass increase to a 3.9 mM TiP treatment as shown in Figure 4.2a, and the possible reasons are 
discussed in a later section. 
Figure 4.12a compares the IPCE of the DSCs with treatment concentration, and is in 
good agreement with the increasing trend in Jsc. However, the magnitude of the IPCE values is 
significantly lower than what would be expected for DSCs having corresponding short-circuit 
photocurrents shown in Figure 4.12b. The discrepancy arises from the chopper frequency of 349 
Hz in the IPCE measurement system, which can significantly impact the magnitude of the IPCE 
due to the response time of DSCs [154, 155]. The IPCE of a solar cell can be expressed as 
 colinjLHEIPCE Φ×Φ×=  (4.12) 
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where LHE is the light harvesting efficiency of the dyed electrode, Φinj the charge separation 
efficiency of the electron injection from the dye into the TiO2, and Φcol the collection efficiency 
of the carriers transported to the contacts. The source of the increase in IPCE can potentially be 
attributed to any combination of these contributions. To gain further insight into the source of the 
improvement, the IPCEs for the treated cells are normalized to that of the untreated cell in Figure 
4.12b. This reveals a wavelength dependence of the IPCE which results from the treatment. 
To evaluate the impact of the treatment on the light harvesting efficiency, Figure 4.12a 
shows the absorption of the dyed TiO2 electrodes for the untreated and 4 mM TiP treated 
networks. Other treatment concentrations showed comparable absorption spectra. There is little 
change in the absorption even with the maximum treatment concentration. The absorption for 
both electrodes is over 90% for wavelengths up to 580 nm, and within this range the maximum 
increase in absorption between the untreated and 4 mM TiP treated electrodes is only 2.6%, 
occurring at a wavelength of 450 nm. Such a small increase in light harvesting efficiency with 
treatment cannot account for the change in IPCE in Figure 4.12b, which correspondingly 
increases by 47% for the 4 mM TiP treatment. In addition, for the untreated electrode, which 
exhibits greater variation in the absorption with wavelength, the increase in absorption by 3.7% 
between the minimum at 450 nm and the maximum at 520 nm cannot explain a corresponding 
49% increase in the IPCE. Therefore, the light harvesting efficiency is not the dominating 
contribution to either the change in magnitude of the IPCE or its wavelength dependence up to 
580 nm. At longer wavelengths (>580 nm), the light harvesting efficiency can influence the 
IPCE due to the greater relative increase in absorption after treatment, causing the greater 
increase in relative IPCE in Figure 4.12b at these wavelengths. 
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Given that the increase in light harvesting efficiency caused by the treatment is not the 
source of the significant improvement in the IPCE, the remaining contributions could include the 
electron injection efficiency or the charge collection efficiency. As seen in Figure 4.12b, there is 
a wavelength dependence of the relative change in the IPCE with treatment. If the source of the 
improvement in IPCE is related to a higher electron injection probability due to a positive shift in 
the TiO2 conduction band, then there should be an energy dependence of the density of states of 
the TiO2 network which would give rise to the wavelength dependence of the IPCE, considering 
that the injection efficiency is dependent on the coupling between the orbitals of the dye LUMO 
and TiO2 conduction band states. The dye LUMO levels lie above the conduction band of the 
TiO2 nanoparticle network, which has density of states following g(E) ∝ (E)1/2. The 
corresponding increase in injection efficiency for a given energy due to a positive shift in the 
TiO2 conduction band, ∆Ec, is roughly expected to have a dependence of ∆g(E) ∝ (1 + ∆Ec/E)1/2, 
where the increase would be greatest for longer wavelengths. This dependence cannot explain 
the appearance of a maximum at 450 nm and a minimum at 530 nm in the relative increase in 
IPCE seen in Figure 4.12b. However, when these features are compared to the absorption spectra 
in Figure 4.13a, an inverse correlation is seen where, as the absorption of the network decreases, 
the IPCE shows the greatest improvement. This suggests that the treatment is affecting the 
charge collection efficiency, where the electrons which are generated deeper on average within 
the electrode, due to low absorption of a given wavelength by the dye, have a greater probability 
of diffusion to the front contact prior to recombination. For wavelengths which exhibit greater 
absorption by the dye, the electrons which are generated closer to the front electrode already 
have higher collection efficiencies, so that the improvement caused by the treatment is not as 
significant. While this dependence does not rule out a contribution from improved electron 
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injection efficiency, previous studies which analyzed the IPCE and transient absorption with 
TiCl4 treatment found that the injection efficiency did not significantly change after treatment 
[103, 109]. Although a shift in the TiO2 conduction band can influence electron injection 
efficiency, the common additives in the electrolyte including lithium and guanidinium 
thiocyanate can render it sufficiently high to preclude any significant further enhancement 
caused by the treatment process [156], so the injection efficiency in this work is taken to be 
unity. The charge collection efficiency can be expressed as 
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where τt and τe are the electron transport time and electron lifetime, respectively, and τpc the 
photocurrent response time which depends on both electron transport and recombination, where 
τpc
-1
 = τt
-1
 + τe
-1
 [38]. The photocurrent response time can be determined from the transient 
response of the short-circuit photocurrent, which follows an exponential decay arising from 
transport via multiple trapping of electrons within surface states [32]. This transient response 
affects IPCE measurements when the chopper frequency becomes comparable to the 
photocurrent response time of a DSC, causing an exponential decay of the signal with the 
frequency of the chopped light [155]. We confirmed this frequency dependence by measuring 
IPCE of a DSC with frequency, which was converted to Jsc by convolving the IPCE with the AM 
1.5D solar spectrum (ASTM G173-03) and integrating, as shown in Figure 4.14. For solar 
intensities in the range of ~0.1–1 sun, the short-circuit photocurrent of a DSC varies linearly with 
intensity for low viscosity electrolytes [154], indicating that there is no change in the ratio of the 
transport to recombination time constants and thus no variation in the charge collection 
efficiency or IPCE with intensity. This is caused by a proportional increase in both the transport 
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and recombination rate with charge density in the DSC [32]. Accordingly, the short-circuit 
photocurrents from Figure 4.11b were scaled to the IPCE bias intensity of 0.21 sun, and the 
IPCE spectra in Figure 4.12a were convolved with the AM 1.5D solar spectrum at 0.21 sun and 
integrated to yield the expected Jsc for a frequency of 349 Hz. The AM 1.5D spectrum (ASTM 
G173-03) which was used for the conversion is shown in Figure 4.13b, expressed in terms of the 
current density integrated over 10 nm intervals. The short-circuit photocurrents from both the 
solar simulator and derived from the IPCE are shown in Figure 4.15a. Due to slow electron 
transport, the transient short-circuit photocurrent from the IPCE is less than the value measured 
under steady-state illumination, but the linear increase with treatment concentration remains, 
with the linear fit shown for both the transient and steady-state photocurrents. The photocurrent 
response time was extracted using the exponential relationship given by 
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where Jsc(∞) is the steady-state photocurrent and t the time period of the chopper frequency in 
the IPCE measurement (2.87 ms for 349 Hz). The photocurrent response times are shown in 
Figure 16b. The results show that the TiP treatment leads to a faster response time by as much as 
11% for the 4 mM treatment. The photocurrent response time is frequently equated to the 
electron transport time with the assumption that the electron lifetime is much larger, which in 
turn assumes a charge collection efficiency of unity. However, DSCs which benefit from a large 
increase in photocurrent after TiCl4 treatment initially exhibit low charge collection efficiencies 
where the transport and recombination rates are no longer separable and this approximation 
becomes invalid [109]. Therefore the charge collection efficiency in this work was calculated 
using Φcol = Jsc/Jinj, where the electron-injection current density, Jinj, was determined by 
convolving the absorption spectra of the electrodes with the AM 1.5D solar spectrum and 
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integrating, assuming unity electron injection efficiency. Figure 4.16a shows that although there 
is little change in the electron-injection current density, the charge collection efficiency exhibits 
a linear increase with concentration by as much as 25% for the 4 mM TiP treatment. The 
relationships for the transport time and electron lifetime were then calculated using the collection 
efficiency and photocurrent response time from Equation 4.14 and are shown in Figure 4.16b. 
Without treatment, the time constants for transport and recombination in the DSC are nearly 
equal, which causes the poor charge collection efficiency around 50%. With increasing TiP 
concentration, the transport becomes faster and the electron lifetime becomes longer, by 30% 
and 19% for the 4 mM TiP treatment, respectively, both of which contribute to the increased 
charge collection efficiency. The transport time and electron lifetime are dependent on the 
electron density in the TiO2 electrode, which at short circuit is given by 
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where qe is the elementary charge, d the network thickness and P the porosity. The electron 
density at steady-state, shown in Figure 4.16b, decreases with TiP treatment concentration as 
much as 25% for the 4 mM TiP treatment, the primary source for this drop being the increase in 
the volume of TiO2 in the network, as the total charge in the electrode remains almost 
unchanged. This may account for the increase in electron lifetime which has been shown to have 
a power law relationship with charge density following τe ∝ 1/nα, where α is the range of ~1-3 
[32]. However, this relationship is intended to apply to DSCs having fixed electrode properties. 
In the case of the TiP treated electrodes, an increase in surface area could counteract the effect of 
reduced charge density by creating additional surface sites for recombination. The transport time, 
which is proportional to the electron lifetime, i.e. τt ∝ 1/nα, would also be expected to increase 
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with decreasing charge density. With reduced filling of the surface states which lie below the 
conduction band edge, the electrons in the TiO2 occupy deeper trap states and the detrapping 
probability is reduced, which slows transport. Therefore the faster electron transport must instead 
be related to another parameter, such as the reduction in porosity of the TiO2 network, which 
increases the coordination number of particles and facilitates electron percolation through the 
network [157]. In addition, an increase in the dye loading in the network causes light absorption 
and electron injection closer to the front contact, which may reduce the average diffusion length 
for electron collection. 
If the charge density in the TiO2 is not the source of an increase in electron lifetime, then 
a consequence of an increase in the electron lifetime is an increase in the charge density in the 
TiO2 electrode at open circuit, which is given by 
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where τpc in Equation 4.15 has been replaced by the electron lifetime, τe, and the injection current 
is considered to be equal to the recombination current at open circuit [34]. Without direct 
measurement of τe at Voc, this equation can only be used to estimate that change in electron 
density between the untreated and treated cells, with the assumption that the increase in τe is 
equivalent at Voc. For the 4 mM TiP treatment, although the electron-injection current density 
and lifetime both increase, the added TiO2 volume yields only a slight reduction in the electron 
density in the TiO2 at open circuit by ~3%. With no change in the phase or chemistry of the TiO2 
network with treatment, only the charge density should determine the difference between the 
TiO2 conduction band edge and the quasi-Fermi level under illumination. Therefore, given 
almost no change in the Fermi level caused by the electron density at open circuit, the ~5 mV 
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loss in Voc for the 4 mM TiP treatment might be attributed to a positive shift in the TiO2 
conduction band level [158], although this is significantly less than a 80 mV positive shift 
previously measured for the TiCl4 treatment [107]. 
Given that the treatment of the TiO2 nanoparticle network has been reported to affect 
both the electron lifetime and the TiO2 conduction band edge, it is surprising that the only 
significant change in the electrode properties appears to be an increase in dye loading with 
surface area. This raises the question of whether dye loading could be related to a positive shift 
in the TiO2 conduction band level. A study on the protonation of the TiO2 network using HCl 
measured an increase in dye loading, and a corresponding reduction in the TiO2 conduction band 
level along with an increase in the electron lifetime [132], which are the same effects that are 
seen in this work, and were measured in prior studies of the TiCl4 treatment [107-109]. However, 
we detected no evidence of HCl on the networks after treatment. In addition, all of the TiP 
formulations contained an equivalent concentration of HCl, so that the systematic change in DSC 
characteristics with TiP treatment concentration should be unrelated. One possible mechanism 
for a positive shift in the TiO2 conduction band level is protonation of the network during the 
N719 dye adsorption, which would increase with dye loading. A study of the N719 dye 
adsorption showed that the anchoring mode is primarily via the two carboxylic acid ligands 
[159]. Dissociation of the carboxylic acid groups in the four proton sensitizer N3 was measured 
to have pKa values of 3 and 1.5 [160]. Assuming similar pKa values, the two proton N719 
sensitizer is likely to be deprotonated in a solvent consisting of tert-butanol and acetonitrile. 
Adsorption of the N719 could therefore concurrently lead to adsorption of H+ ions on the surface 
of the TiO2 nanoparticle network, inducing a more positive shift in the conduction band level 
with increasing dye loading, as the protonation increases relative to the injected electron density. 
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Alternatively, the increased surface area could also lead to greater adsorption of guanidinium 
cations from the electrolyte, which can cause a similar shift in the TiO2 conduction band [158]. 
Investigation of this possibility will be the subject of further study. However, as a side note about 
the apparent conduction band shift after TiCl4 treatment, previous studies relied upon charge 
extraction measurements, with the assumption that τpc ≈ τt, both before and after treatment [107, 
108]. A consequence of this is that higher charge densities would be measured by charge 
extraction for the treated cells if the charge collection efficiency increases, leading to an apparent 
shift in the density of states with potential that could be misinterpreted as a positive shift in the 
TiO2 conduction band edge. 
As shown in Figure 4.4b, the dye loading for the TiCl4 treated TiO2 network was nearly 
equal to that of the 4 mM TiP treated network, along with the surface area. These values are also 
consistent with the similar ~30% increase in TiO2 mass after treatment. Therefore, the relatively 
poor performance, including a lower short-circuit photocurrent and efficiency, and an increased 
response time, could be related to some parameter which was not investigated in this study. We 
propose that there may be differences in uniformity of the TiO2 deposition throughout the 
network. Due to the higher reactivity of TiCl4 relative to the stabilized TiP solution, we suspect 
that the faster reaction of the TiCl4 could lead to more TiO2 deposition and dye loading near the 
outer surfaces of the network. Electron injection farther from the front contact would explain the 
increased electron transport time, which reduces the charge collection efficiency. The more 
stable TiP treatment formulation might provide more uniform TiO2 deposition throughout the 
electrode.  
 
4.6 Summary  
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In this chapter, we performed the treatment of the TiO2 nanoparticle networks using a 
TiP-based treatment formulation. Investigation of the network morphology showed that the mass 
increase follows the trend in the average crystallite size, indicating that the added TiO2 
contributes primarily to growth of the existing nanoparticles. Examination of the surface and 
bulk chemistry of the network revealed no changes in the surface states or presence of impurities 
caused by the treatment. The UV-Vis spectra of the nanoparticle networks revealed deep defect 
tails below the conduction band edge, which extend further into the band gap upon treatment of 
the networks but are recovered after sintering. However, Rayleigh scattering from the 
nanoparticle networks prevented the determination of the magnitude of the characteristic 
energies of these defect tails. The J–V characteristics of the DSCs showed a linear increase in the 
short circuit photocurrent with treatment concentration, but exhibited a limited gain in efficiency 
at higher treatment concentrations. Analysis of the IPCE and absorption of the dyed networks 
indicated that the light harvesting efficiency is not significantly improved by the TiP treatment. 
The increase in IPCE appears to be related to an increase in the charge collection efficiency, as 
evidenced by the wavelength dependence of the IPCE, which was inversely correlated with the 
absorption of the dyed networks. From the charge collection efficiencies and the photocurrent 
response times, the electron lifetime was calculated to increase by 19% while the electron 
transport time was 30% faster after the 4 mM treatment. A loss in open-circuit potential for the 4 
mM TiP treatment could be related to a positive shift in the TiO2 conduction band level. Though 
no measurable change in surface chemistry can explain such a shift, an increase in N719 dye 
loading due to the higher surface area of the treated networks could lead to greater protonation of 
the TiO2 network. In comparison with the TiP treatment, a TiCl4 treatment exhibited poorer DSC 
performance for equivalent added TiO2 mass and dye loading. Overall, we find that the TiP 
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treatment process is effective and practical in enhancing DSC performance, enabling controllable 
improvement in the DSC characteristics. 
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4.7 Figures and Tables  
  
 
 
 
 
   
   
 
Figure 4.1. SEM images of sintered TiO2 nanoparticle networks (a) without treatment, (b) as-
treated using 4 mM TiP, and (c) after annealing at 500 °C for 1 h. The scale bar in the inset 
shows 25 nm. 
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Figure 4.2. (a) Mass increase and porosity of the TiO2 nanoparticle network with TiP treatment 
concentration. (b) Nanoparticle diameter before and after sintering measured by XRD. The effect 
of the slight peak shifts in Figure 4.3 on the crystallite size was within the fitting software output 
resolution of 0.1 nm. The white and black symbols show the as-treated and sintered diameters, 
respectively. The dashed line shows the trend in the increase in nanoparticle diameter based on 
the mass increase, which is fitted to the sintered nanoparticle diameters by least-squares method. 
 
  
 
Figure 4.3. XRD spectra of the TiO2 nanoparticle networks for various treatment concentrations 
(a) after treatment, and (b) after sintering at 500 °C for 1 hr. Only anatase and substrate (FTO) 
peaks are present in the spectra, as compared to the reference peak positions shown below the 
spectra (Anatase JCPDS card No. 21-1272, rutile JCPDS card No. 21-1276). The apparent peak 
shift in some of the spectra is within the range of the instrumental error. 
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Figure 4.4. (a) Absorbance spectra of the N719 dye desorbed from the treated TiO2 networks. (b) 
N719 dye loading with treatment concentration. Also shown are the calculated surface areas of 
the TiO2 nanoparticle networks from the sintered XRD nanoparticle diameters in Figure 4.2b and 
the network masses, using a spherical particle approximation. 
 
 
  
 
Figure 4.5. (a) XPS spectra of the O 1s and Ti 2p peaks for untreated and 4 mM TiP treated 
nanoparticle networks after sintering. (b) EDS spectra of untreated and 4 mM TiP treated 
nanoparticle networks after sintering. 
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Figure 4.6. XPS survey spectra of the 4 mM TiP treated TiO2 nanoparticle network after 
sintering. Only titanium, oxygen, and carbon peaks are detected. No chlorine 2p peak (~200 eV) 
was detected which would indicate HCl adsorption on the TiO2 network caused by the treatment. 
Other treatment concentrations exhibited comparable spectra. 
 
 
 
 
Table 4.1. Binding Energy, FWHM, and Relative Areas of the O 1s and Ti 2p Peaks for 
Untreated and 4 mM TiP Treated Electrodes after Sintering. 
 
Sample EO2-  (eV) 
EOH  
(eV) 
FWHMO2- 
(eV) 
FWHMOH 
(eV) areaOH/areaO2- 
atomic ratio of 
O/Ti 
No treatment 530.17 531.74 1.36 1.50 0.17 2.11 
4 mM TiP 530.04 531.57 1.37 1.50 0.17 2.18 
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Figure 4.7. Effective absorption coefficient with excitation energy plotted as α'(E)1/2 to 
extrapolate the indirect band gap and α'(E)2 to extrapolate the direct band gap of the TiO2 
nanoparticle network sample. 
 
 
  
 
Figure 4.8. Effective absorption coefficient with excitation energy for the (a) as-treated and (b) 
sintered samples. Three distinct regions can be defined as exhibiting a ( ) ( )Eln'ln ∝α  behavior 
from 1.5-2.5 eV, a linear relationship from 2.7-3.2 eV, and a second linear relationship from 3.4-
3.6 eV. 
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Figure 4.9. Characteristic defect tail energy with TiP treatment concentration, obtained by fitting 
the slopes of the absorption coefficients in Figure 4.8 at 2.90-3.10 eV. The white and black 
symbols show the as-treated and sintered samples, respectively, and the error bars designate the 
error in fitting within this region. Linear fits to the data are shown, where the error bars indicate 
the standard error of regression for the fit. 
 
 
 
Figure 4.10. Transmission (T), reflection (R) and absorption (A) for a TiO2 nanoparticle network 
on a soda-lime glass substrate showing the specular (s) and diffuse (d) components. The values 
for the soda-lime glass substrate are also shown for reference. 
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Figure 4.11. (a) J–V characteristics at 0.79 sun, (b) short-circuit photocurrent and efficiency, (c) 
specific series and shunt resistances, and (d) ideality factor and saturation current for DSCs with 
treatment concentration. 
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Figure 4.12. (a) IPCE of the DSCs with treatment concentration measured at a chopper frequency 
of 349 Hz and with a bias light intensity of 0.21 sun. (b) IPCE of the treated DSCs relative to the 
untreated DSC. 
 
 
 
  
 
Figure 4.13. (a) Absorption of the dyed TiO2 electrodes for the untreated and 4 mM TiP treated 
TiO2 networks. The dashed lines show the corresponding reflectance from the glass substrates. 
(b) AM 1.5D spectrum (ASTM G173-03) at 1 sun expressed in terms of the current density 
integrated over 10 nm intervals. 
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Figure 4.14. (a) IPCE of a DSC measured using various chopper frequencies at a bias light 
intensity of 0.21 sun. All chopper frequencies are prime numbers to reduce signal interference 
with external sources. The signal becomes noisy for low chopper frequencies. (b) Transient Jsc 
from the IPCE convoluted with the AM 1.5D solar spectrum at 0.21 sun and integrated. At 
longer time periods the transient Jsc approaches the steady-state value. A single exponential 
relationship of Jsc with time period of the form of Equation 4.14 is fitted to the data. 
 
 
  
 
Figure 4.15. (a) Steady-state Jsc from the solar simulator and transient Jsc from the IPCE in 
Figure 4.12a convoluted with the AM 1.5D solar spectrum at 0.21 sun and integrated. Linear fits 
to the data are shown. (b) Response times from a single exponential relationship fit to the 
transient and steady-state short-circuit photocurrents. Error bar indicates the standard error of 
regression for the fit. 
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Figure 4.16. (a) Electron-injection current densities from the absorption of the dyed electrodes 
convoluted with the AM 1.5D solar spectrum and integrated, assuming unity electron injection 
efficiency. Also shown are the charge collection efficiencies obtained from Φcol = Jsc/Jinj. (b) 
Transport time constant and electron lifetime determined from the photocurrent response times in 
Figure 4.15b and Equation 4.13. Also shown are the steady-state charge densities in the 
electrodes at short circuit from Equation 4.15. 
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CHAPTER 5 
CONCLUSIONS 
 
5.1 Conclusions  
The application of flow-limited field-injection electrostatic spraying (FFESS) was investigated 
for the advancement of dye-sensitized solar cells (DSCs) through its use as both a practical 
patterning technology as well as a method for tailoring the nanostructure of the TiO2 electrode. A 
fundamental study of FFESS for direct-write patterning of fluids which can generate DSC 
electrodes was performed, in which the current-voltage-flow rate (I–V–Q) relationships were 
investigated for a TiO2 nanoparticle paste. The I-V relationships for the TiO2 nanoparticle paste 
were purely ohmic with no flow-limitation, and the high viscosity caused a coupling between the 
meniscus and substrate, forming a stable filament of fluid at a sufficient applied voltage. The 
coupling between the flow rate and the translation velocity of the substrate determined the 
resolution in this contact mode patterning. The resulting line widths from properly formulated 
pastes were over 250 times smaller than the outer diameter of the nozzle, demonstrating the 
capability of FFESS patterning in the contact mode to generate fine features from high viscosity 
pastes, with potential applications which include high aspect ratio lines of silver. 
 The versatility of FFESS was extended to the electrospinning of TiO2 nanofibers for 
light-scattering structures in DSCs. The nanofibers were polycrystalline anatase phase, and the 
grain size followed a sintering-like crystallization model with a kinetic grain growth exponent of 
5.6 ± 0.6. The FFESS patterning method was used to generate TiO2 composite nanoparticle-
nanofiber (NP-NF) networks, where the lateral shrinking and delamination of the nanofiber 
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network was prevented by the nanoparticle scaffold. Calcination of the composites led to the 
formation of fiber-pore structures caused by the burnout of PVP, and the diameters of both fibers 
and pores were linear with the content of PVP in the electrospinning solution. The 
transformation to the fiber-pore structure led to a significant enhancement in light scattering by 
at least 50% at 550 nm, which was attributed to an increase in the scattering cross-section of the 
structure through the formation of a high refractive index mismatch at the fiber-pore interface. 
Dye-sensitized solar cells were fabricated which had nanoparticle-only and nanoparticle-
nanofiber composite electrodes, where the nanofibers were incorporated at the front or at the 
middle of the electrodes to affect the forward and backscattering of light through the electrode. 
Fiber-pore structures at the front of the electrode caused too much backscattering of light out of 
the device prior to absorption, while fiber-pore structures incorporated in the middle of the 
electrode improved the short-circuit photocurrent by 6% due to increased absorption of the 
forward and backscattered light, resulting in an overall efficiency improvement by 10% relative 
to a nanoparticle-only DSC. The well-established and simple control of nanofibers and 
composite electrodes demonstrates that the composites may serve as a practical structure in 
DSCs and other optoelectronic devices. 
 To investigate and improve the performance of the DSCs, a surface treatment of the 
nanoporous TiO2 electrode was developed using a stabilized sol-gel titanium precursor based on 
titanium(IV) isopropoxide (TiP). The added TiO2 contributed to growth of the existing anatase 
nanoparticles in the network, causing a ~1 nm increase in the average diameter. The surface and 
bulk chemistry of the network showed no changes after the treatment. UV-Vis spectra of the 
nanoparticle networks revealed deep defect tails below the conduction band edge, which 
extended further into the band gap upon treatment but were recovered after sintering. The J–V 
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characteristics of the DSCs showed a linear increase in the short circuit photocurrent with 
treatment concentration, but exhibited a limited gain in efficiency at higher treatment 
concentrations. The light harvesting efficiency was not significantly improved by the treatment. 
An increase in IPCE was attributed to an increase in the charge collection efficiency, requiring 
the assumption that charge injection efficiency was near unity. Analysis of the frequency-
dependence of the IPCE and charge collection efficiency revealed that electron lifetime was 
increased by 19% while the electron transport time was 30% faster after the 4 mM treatment. In 
comparison with the TiP treatment, a TiCl4 treatment exhibited poorer DSC performance for 
equivalent added TiO2 mass and dye loading. The surface treatment based on the stabilized sol-
gel titanium precursor proved to be effective and practical in enhancing DSC performance, 
enabling controllable improvement in the DSC characteristics. 
 
5.2 Recommendations  
 The development of pastes based on the volatile solvent tert-butanol yielded promising 
results for the rapid patterning of high aspect ratio, fine filaments of silver and other materials, 
which could find significant practical application for photovoltaics, interconnects for 
microelectronics, and other optoelectronic devices. 
 Preliminary application of nanoparticle-nanofiber (NP-NF) electrodes in DSCs showed 
promising increases in device performance owing to the efficient light scattering of the 
structures. However, the light scattering as a function of the size of the fiber-pore structures was 
not investigated, requiring further research to identify the optimal size of the structure which will 
result in the highest Mie-scattering cross-section within the working DSC. 
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 Investigation of the defect tails in the TiP-treated TiO2 nanoparticle networks indicated 
an increase in the characteristic tail width after treatment. However, this was complicated by the 
significant contribution of light-scattering loss in the signal. A study of the optical properties 
using a UV-Vis system equipped with an integrating sphere to detect both specular and diffuse 
forward- and backscattered light would allow accurate characterization of the defect tails and the 
dependence on the surface treatment. 
 A comparison of the conventional TiCl4 treatment to the TiP-based treatment revealed a 
substantially lower DSC performance for the TiCl4 treatment although the physical properties of 
the electrode appeared to be identical. It was suggested that the higher reactivity of the TiCl4 
could result in spatially non-uniform deposition within the TiO2 nanoparticle network. Further 
investigation of this possibility could be performed by varying the thickness of the TiP- and 
TiCl4-treated electrodes and comparing the dye loading as a function of thickness. 
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APPENDIX 
FITTING OF THE CURRENT-VOLTAGE 
CHARACTERISTICS 
 
 
  
  
 
Figure A.1. Fitting of the J–V characteristics from Figure 4.11a. First, the measured and modeled 
J–V characteristics are plotted on a semi-logarithmic scale. To present the measured data, the 
short circuit photocurrent, Jsc, is subtracted from the measured current, Jmeas, and the absolute 
value is plotted with the measured voltage, Vmeas. The modeled current, Jfit, is calculated from the 
Equation 3.6 with JL = 0, and the absolute value is plotted with the modeled voltage, Vfit, which 
has been corrected for the effect of series resistance, where Vfit = V + Jfit(V)Rs. (a) and (b) show 
the fitted semi-log scale plots for the untreated and 4 mM TiP treated DSCs, respectively. On the 
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semi-log scale plots, the specific series resistance, Rs, is adjusted to fit the non-exponential curve 
shape around 0.7–0.8 V, and the specific shunt resistance, Rsh, is adjusted to fit the non-
exponential curve shape around 0–0.4 V. Note that there is a discrepancy between Vmeas and Vfit 
at forward bias, since the photogenerated current density reduces Vmeas which is not included in 
the calculation of Vfit. To correct for this, the modeled J–V characteristics are also reconstructed 
on a linear scale and plotted with the measured data. In this case, Jfit is recalculated from 
Equation 3.6 with JL = Jsc, and is plotted with the modeled voltage Vfit = V + Jfit(V)Rs. (c) and (d) 
show the corresponding fitted linear scale plots for the untreated and 4 mM TiP treated DSCs, 
respectively. The saturation current, J0, and ideality factor, a, are adjusted to fit the exponential 
curve shape in the semi-log scale plots around 0.6–0.7 V, as well as the measured J–V 
characteristics on the linear scale plots. In actuality, Rs and Rsh are not fully independent in the 
DSC, where the microscopic series and shunt resistances are individual distributed elements in 
the standard transmission-line model of a DSC [161]. 
